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PROGRAM  SUMMARY 

This  program  covers  approximately  a  decade  of  research  into  synthetic  aperture 
radar  (SAR)  remote  sensing  of  the  arctic  regions.  The  main  results  of  this  research 
are  represented  by  the  list  of  publications  at  the  aid  of  this  summary,  and  the  copies 
of  those  publications  attached  as  Appendices  A-D.  In  this  introduction  we  will 
summarize  the  main  research  areas  represented  by  those  publications  and  give  some 
structure  to  them. 

Four  main  areas  were  researched  under  this  program:  (1)  Data  Collections  and 
Data  Generation;  (2)  Geophysical  Parameter  Estimation;  (3)  Sensor  Intercomparisons; 
(4)  Algorithm  Development. 

Under  the  first  area,  the  Marginal  Ice  Zone  Experiment  (MiZEX)  ’87, 
Coordinated  Eastern  Arctic  Experiment  (CEAREX)  and  Seasonal  Ice  Zone 
Experiment  (SIZEX)  experiments  were  planned  and  executed  and  generation  of  SAR 
image  data  was  performed.  Optically  generated  SAR  data  were  combined  to  create 
image  mosaics  that  covered  large  spatial  areas  for  all  of  the  experiments,  and  these 
were  used  to  compare  SAR  data  to  large  scale  geophysical  features.  In  addition,  high 
resolution  digital  data  was  generated  to  support  most  of  the  algorithm  development 
work  and  some  of  the  geophysical  parameter  estimation  work. 

Under  the  second  area,  the  connection  between  geophysical  properties  of  the 
arctic  regions  and  the  resulting  SAR  image  data  was  analyzed  to  determine  what 
geophysical  information  could  be  extracted  from  SAR  data  and  how  to  perform  that 
extraction.  Variations  of  SAR  backscatter  during  the  evolution  of  sea  ice,  the  effect 
of  mesoscale  features  (eddies  and  ice  drift)  on  SAR  data,  SAR  modulations  due  to 
waves  in  the  ice,  and  the  effect  of  Odden  events  were  addressed. 

Under  the  third  area,  comparisons  between  SAR  and  real  aperture  radar  (RAR) 
were  performed  to  understand  how  the  SAR  data  changes  with  radar  cross  section 
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variation,  and  comparisons  between  SAR  and  satellite  based  sensors  (SSM/I,  KRMS, 
Altimeter)  were  generated  to  check  to  satellite  algorithms. 

Under  the  fourth  area,  analysis  of  how  to  utilize  SAR  data  to  automatically 
extract  geophysical  information  was  performed.  This  concentrated  on  ice  type; 
analyzing  what  features  could  be  used  to  optimally  segment  SAR  data  into  different 
ice  classes  and  how  to  utilize  those  features.  However  some  work  was  performed  on 
automatically  extracting  polynya  information  directly. 

Following  the  introduction  is  a  bibliography  listing  the  publications  that  contain 
the  results  mentioned  above.  It  is  divided  into  six  main  areas;  the  first  being 
overviews  of  the  programs, the  second  being  experiment  reports,  and  the  remaining 
four  covering  the  technical  areas  listed  above.  In  each  area  the  publications  are 
numbered  with  journal  articles  first,  then  presentations  at  various  International 
Geoscience  and  Remote  Sensing  Symposium  (IGARSS).  IGARSS  is  the  premier 
conference  for  describing  these  results. 
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Journal  Articles 

[1]  MIZEX  Group,  "MIZEX  83-84:  The  Summer  Marginal  Ice  Zone  Program  in 
the  Fram  Strait/Greenland  Sea,"  Eos,  Vol.  67,  No.  23,  pp.  513-517, 

June  10,  1986. 

[2]  MIZEX  '87  Group,  "MIZEX  East  1987,  Winter  Marginal  Ice  Zone  Program 
in  the  Fram  Strait  and  Greenland  Sea,"  Eos,  Vol.  70,  No.  17,  pp  544,548-49, 
554-55,  April  25,  1989. 

IGARSS  Presentations 

[3]  MIZEX  Remote  Sensing  Group,  "Remote  Sensing  of  the  Marginal  Ice  Zone 
During  Mizex  ’83,  IGARSS  ’84  Symposium,  Strasbourg  27-30  August  1984. 
Others 

[4]  Shuchman,  R.A.,  "The  Use  of  Synthetic  Aperture  Radar  to  Map  the  Polar 
Oceans,"  proceedings  of  Ocean  ’90,  Washington,  D.C.,  September  24-26, 
1990. 


[1]  MIZEX  1987  SAR  DATA  SUMMARY,  ERIM  Report  154600-34-T 

[2]  CEAREX  SAR  DATA  SUMMARY,  ERIM  Report  154600-62-T 
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Journal  Articles 


[1]  Onstott,  R.G.,  et  al,  "Evolution  of  Microwave  Sea  Ice  Signatures  During 
Early  Summer  and  Midsummer  in  the  Marginal  Ice  Zone,"  JGR,  Vol.  92,  No. 
C7,  pp.  6825-6835,  June  30,  1987. 

[2]  Johannessen,  J.A.,  et  al,  "Mesoscale  Eddies  in  the  Fram  Strait  Marginal  Ice 
Zone  During  the  1983  and  1984  Marginal  Ice  Zone  Experiments,"  JGR,  Vol. 
92,  No.  C7,  June  30,  1987. 
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[3]  Campbell,  W.J.,  et  al,  "Variations  of  Meso  scale  and  Large-Scale  Sea  Ice 
Morphology  in  the  1984  Marginal  Ice  Zone  Experiment  as  Observed  by 
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Eos,  Vol.  67.  no.  23,  Pages  513-517  June  10,  1986 


MIZEX  East  83/84: 
The  Summer  Marginal 
Ice  Zone  Program 
in  the  Fram  Strait/ 
Greenland  Sea 


MIZEX  Group1 

Introduction 

A  marginal  ice  zone  (MIZ)  occurs  where 
polar  and  temperate  climate  systems  interact 
and  result  in  an  edge  of  pack  ice  cover.  As  a 
geophysical  boundary  zone  the  MIZ  is  unique 
in  the  complexity  of  the  vertical  and  horizon¬ 
tal  air-sea-ice  energy  interactions  that  take 
place  there.  In  response  to  these,  the  ice  edge 
moves  hundred  of  kilometers  north  and 
south  on  a  seasonal  cycle.  Successful  model¬ 
ing  and  prediction  of  variations  in  ice  edge 
position  and  ice  concentration  would  be  of 
great  value  in  furthering  man's  activities  in 
the  region  in  areas  such  as  offshore  Artie  oil 
exploration,  seaborne  transport  of  Arctic  re- 
sorces,  further  development  of  the  rich  fish¬ 
eries  close  to  the  ice  margins  and  for  naval 
operations.  Futhermore.  if  the  physical  pro¬ 
cesses  which  occur  on  the  mesoscale  in  the 
MIZ  can  be  parameterized  and  included  in 
large-scale  models,  these  results  will  be  of 
great  value  for  climate  studies  of  the  North¬ 
ern  Hemisphere.  In  recent  years,  with  real¬ 
ization  of  the  significance  of  these  interac¬ 
tions  in  the  MIZ.  attention  has  shifted  from 


'O.  M.  Johannessen  (Geophysical  Institute/ 
Nansen  Ocean  and  Remote  Sensing  Center 
(NORSC),  University  of  Bergen.  Bergen, 
Norway),  D.  A.  Horn  (MIZEX  Project  Office, 
Office  of  Naval  Research/Massachusetts  Insti¬ 
tute  of  Technology,  Arlington.  Va.).  E.  Aug- 
stein  (Alfred  Wegener  Institute  for  Polar  Re¬ 
search,  Bremerhaven,  Federal  Republic  of 
Germany),  A.  B.  Baggeroer  (Ocean  Engineer¬ 
ing  Department.  Massachusetts  Institute  of 
Technology,  Cambridge,  Mass.),  B.  A.  Burns 
(Environmental  Research  Institute  of  Michi¬ 
gan.  University  of  Michigan,  Ann  Arbor),  W. 
J.  Campbell  (U.S.  Geological  Survey/Universi- 
ty  of  Puget  Sound.  Tacoma,  Wash.),  K.  L. 
Davidson  (Meteorology  Department, 
USNPGS,  Monterey,  Calif.),  G.  L.  Duckworth 
(Earth.  Atmospheric,  and  Planetary  Science 
Department,  Massachusetts  Institute  of  Tech¬ 
nology),  I.  Dyer  (Ocean  Engineering  Depart¬ 
ment,  Massachusetts  Institute  of  Technology), 
B.  A.  Farrelly  (Geophysical  Institute,  Univer¬ 
sity  of  Bergen).  T.  Grenfell  (Atmospheric  Sci¬ 
ences  Depanment,  University  of  Washington, 
Seattle),  A.  Heiberg  (Polar  Science  Center 
(PSC),  University  of  Washington),  W.  D. 
Hibler  III  (U.S.  Army  Cold  Regions  Research 
and  Engineering  Laboratory,  Hanover. 

N.H.),  J.  A.  Johannessen  (Geophysical  Insti- 


large  interior  Arctic  ocean  studies  [ Pritchard , 
1980).  to  the  study  of  open  ocean  bounderiet 
of  sea  ice  fields. 

MIZEX:  Description  of 
Experiment 

The  overall  objective  of  the  Marginal  Ice 
Zone  Experiment  (MIZEX)  is  to  gain  a  better 
understanding  of  the  mesoscale  physical  and 
biological  processes  by  which  ice,  ocean  and 
atmosphere  interact  in  the  region  of  the  ice 
edge  (johannessen  el  at.,  19836).  Summer  field 
experiments  began  in  June  and  July  1983  on 
'a  limited  scale.  The  full-scale  field  experi¬ 
ment  was  conducted  in  May-July  1984.  The 
Fram  Strait  region,  between  Svalbard  and 
Greenland,  was  chosen  for  MIZEX  (Figure 
I).  This  area  is  crucial  for  the  study  of  energy 
interactions  across  the  ice  margin  because 
most  of  the  heat  and  water  exchange  between 
the  Arctic  Ocean  and  the  rest  of  the  world  is 
through  this  strait.  MIZEX  84  was  the  largest 
coordinated,  international  Arctic  research 
program  conducted  in  the  marginal  ice  zone. 


tute/NORSC),  E.  G.  Josberger  (U.S.  Geologi¬ 
cal  Survey/University  of  Puget  Sound),  N. 
Lannelongue  (Centre  National  Etudes  Spa- 
tiales,  Toulouse,  France),  T.  A.  Manley  (La- 
mont-Doherty  Geological  Observatory,  Pali¬ 
sades,  N.Y.),  G.  A.  Maykut  (Atmospheric  Sci¬ 
ences  Department,  University  of 
Washington),  M.  McPhee  (McPhee  Research 
Inc.,  Yakima,  Wash.),J.  Morison  (PSC,  Uni¬ 
versity  of  Washington),  R.  D.  Muench  (SAIC, 
Inc.,  Bellevue,  Wash.),  T.  Olaussen  (Geophys¬ 
ical  Institute/NORSC),  R.  G.  Onstott  (Envi¬ 
ronmental  Research  Institute  of  Michigan),  S. 
Sandven  (Geophysical  Institute/NORSC),  R. 

A.  Shuchman  (Environmental  Research  Insti¬ 
tute  of  Michigan),  S.  L.  Smith  (Brookhaven 
National  Laboratories,  Upton.  N.Y.),  W.  O. 
Smith  (Graduate  Program  in  Ecology,  Uni¬ 
versity  of  Tennessee,  Knoxville),  V.  A.  Squire 
(Scott  Polar  Research  institute  (SPRI),  Cam¬ 
bridge,  United  Kingdom),  E.  Svendsen  (Geo¬ 
physical  Institute/NORSC),  G.  Symonds  (Bed¬ 
ford  Institute  of  Oceanography,  Dartmouth, 
Nova  Scotia),  W.  B.  Tucker  (U.S.  Army  Cold 
Regions  Research  and  Engineering  Labora¬ 
tory),  J.  C.  Van  Leer  (Rosenstiel  School  of 
Marine  and  Atmospheric  Sciences.  University 
of  Miami,  Miami.  Fla.),  and  P.  Wadhams 
(SPRI). 


integrating  the  resources  and  expertise  of  1 1 
nations. 

MIZEX  84  operations  utilized  seven  ships, 
eight  remote-sensing  and  meteorological  air¬ 
craft.  and  four  helicopters  to  support  a  multi¬ 
disciplinary  team  of  over  200  scientists  and 
technicians.  Scientists,  equipment  and  sup¬ 
port  came  from  Canada.  Denmark,  the  Fed¬ 
eral  Republic  of  Germany,  Finland.  France. 
Ireland,  Norway.  Sweden.  Switzerland,  the 
United  Kingdom,  and  the  United  States.  Pre¬ 
liminary  reports  from  the  individual  projects 
included  in  the  1984  experiment  are  pub¬ 
lished  in  "MIZEX  Bulletin  V"  [ Johannessen 
and  Horn,  1984)  All  MIZEX  data  are  being 
placed  in  the  National  Snow  and  Ice  Data 
Center  (NSIDC)  in  Boulder,  Colo,  (tele¬ 
phone:  303-492-5171).  An  index  of  MIZEX 
holdings  is  available,  on  line,  on  the  OMNET 
Telemail  MIZEX  bulletin  board 

Ice 

Ice  Conditions  During  MIZEX  84 

The  MIZ  generally  consisted  of  three  re¬ 
gions: 

•  an  inner  zone  of  larger  first-year  and 
multiyear  floes, 

•  a  transition  zone  of  uniformly  broken 
smaller  floes,  and 

•  a  complex  region  of  brash  (masses  of 
fragments)  and  tiny  floes  near  the  extreme 
edge. 

Multiyear  floes  in  the  inner  region,  near  the 
research  vessel  Polarqueen  (see  Figure  I),  were 
typically  a  few  hundred  meters  across  and  2- 
5  m  thick.  First-year  floes  were  much  smaller 
and  tended  to  be  broken  between  the  heavier 
floes.  During  June  and  early  July,  leads  in 
the  inner  zone  were  choked  with  pieces  of 
thinner  ice.  and  most  of  the  solar  energy  ab¬ 
sorbed  in  these  leads  went  into  the  preferen¬ 
tial  melting  of  first-year  ice.  Only  during  the 
last  10-15  days  of  the  drift  did  the  heavier 
floes  begin  to  experience  rapid  bottom  melt¬ 
ing  and  lateral  decay  as  the  pack  diverged 
and  warmer  water  was  encountered. 

The  transition  zone  (5-15  km  in  width)  was 
characterized  by  fairly  uniform  floe  sizes  that 
decreased  as  the  edge  was  approached,  pre¬ 
sumably  in  response  to  wave  propagation 
from  the  open  water.  Ice  concentration  was 
relatively  high  (70—90%),  showing  onlv  a 
slight  tendency  to  decrease  with  floe  size. 
Leads  between  the  floes  were  usuallv  free  of 
brash,  indicating  that  solar  energy  absorbed 
in  the  water  played  a  significant  role  in  the 
decay  of  these  floes.  In  the  outer  part  of  the 
zone,  the  efFects  of  local  wave  action  and 
warmer  surface  water  on  lateral  erosion  were 
clearly  evident,  with  as  much  as  10-20%  of 
the  floe  area  underwater. 

The  nature  of  the  ice  at  the  extreme  edge 
was  highly  variable.  Periods  of  on-ice  winds 
were  characterized  by  relatively  high  ice  con¬ 
centration  (0.80-0.85),  a  well-defined  ice 
edge  consisting  of  a  compact  2-3-km-wide 
band  of  brash  and  small  (<40  m)  floes,  and  a 
10-15-km-wide  zone  of  larger  wave-broken 
floes.  Periods  of  off-ice  winds  were  character¬ 
ized  by  divergence  of  the  ice.  with  average 
concentration  lowered  to  —0.55.  enhanced 
melting  through  increased  solar  input  to  the 
ocean  and  advection  of  the  ice  over  warmer 
water,  and  a  diffuse  ice  edge  with  bands  of 
open  water  and  small  floes  observed  as  far  as 
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Fig.  1.  M1ZEX  84  Program  overview. 


45  km  into  the  pack.  No  doubt  it  will  be  pos¬ 
sible  to  relate  this  geometry  to  the  wind  and 
current  fields. 

Multiyear  ice  was  far  more  abundant  than 
first-year  ice  in  the  MIZ,  with  about  75%  of 
the  floes  selected  for  detailed  study  being 
multiyear.  Roughly  25%  of  the  ice  sampled 
was  granular  rather  than  columnar,  the  ma¬ 
jority  of  the  granular  ice  being  located  on  the 
bottom  of  old  ridges  and  between  block 
voids.  Snow  cover  in  the  region  appeared  to 
be  substantially  greater  than  in  the  Central 
Arctic,  with  multiyear  floes  having  snow 
depths  that  were  3-4  times  as  large  as  first- 
year  floes.  As  a  result,  the  melt  progression  at 
the  upper  surface  of  multiyear  Roes  in  the 
MIZ  lags  that  in  the  central  arctic  by  several 
weeks.  Because  of  the  higher  albedo,  short¬ 
wave  radiation  absorbed  at  the  surface  played 
a  much  smaller  role  in  the  decay  of  multiyear 
floes  in  the  MIZ  than  in  the  central  arctic. 

For  example,  over  70%  of  the  thinning  of  the 
floe  adjacent  to  Polarqueen  was  the  result  of 
heat  input  from  the  water.  Whereas  surface 
melt  rates  increased  slowly  with  time,  bottom 
melting  tended  to  be  more  episodic  and  was 
related  to  advection  and  changes  in  ice  con¬ 
centration.  Warm  water  incursions  produced 
markedly  greater  effects  on  ice  near  the  edge 
than  in  the  interior.  During  one  such  event 
(July  6-9),  maximum  melt  rates  near  the 
edge  were  an  order  of  magnitude  larger  than 
those  at  the  drifting  ship,  some  30—40  km 
further  into  the  pack.  In  the  absence  of  warm 
water  incursions,  horizontal  gradients  in  melt 
rates  are  much  smaller. 

Ice  Dynamics  and  Ice  Interaction 

The  motion  and  deformation  of  ice  in  the 
region  near  the  margin  were  measured  dur¬ 
ing  three  "minidrift"  experiments  (see  Figure 
I ).  in  which  arrays  of  radar  transponders,  in¬ 
cluding  telemetering  wave  buoys  and  current 
meters  at  10  m  depth,  were  tracked  from 
ships  over  a  3—4  day  period.  Smaller  radio/ra¬ 
dar  buoys  were  deployed  on  the  floes  at  the 
extreme  edge  to  study  anomalous  motions  in 
that  zone.  During  the  tracking  of  the  arrays, 
the  ice  morphology  was  monitored  with  heli¬ 
copter  aerial  photography  and  various  air¬ 
craft  overflights.  During  the  first  minidrift, 
the  wind  changed  from  off-ice  to  on-ice,  and 


as  the  ice  edge  became  more  compact,  the  ar¬ 
ray  flattened  along  an  axis  normal  to  the  ice 
edge  and  stretched  along  an  axis  parallel  to 
the  ice  edge.  As  wave  action  destroyed  the 
edge  floes,  the  array  moved  closer  to  the  ex¬ 
treme  edge. 

In  the  second  minidrift,  the  array  experi¬ 
enced  a  strong  ice  edge  jet  and  became  de¬ 
formed  in  the  same  sense  as  minidrift  1 .  Both 
of  these  minidrifts  began  north  of  80°  and  at 
l°-3°E.  Minidrift  3.  however,  was  set  up  on 
the  south  side  of  the  ice  tongue  associated 
with  the  Molloy  Deep  eddy,  at  79°10'N, 
00°00°W.  The  array  initially  routed  antky- 
clonically  at  1 .4  rad/d  before  moving  close  to 
the  ice  edge  and  becoming,  flattened. 

The  wave  program,  from  80  stations  in  the 
MIZ,  involved  directional  wave  spectra  mea¬ 
surements  outside  the  ice  edge  (using  a  pitch 
roll  buoy)  with  similar  measurements  on  floes 
inside  the  edge  (using  an  accelerometer-tilt- 
meter-compass  sensor  package).  The  first  im¬ 
portant  result  was  that  the  directional  spec¬ 
trum  becomes  isotropic  within  a  few  kilome¬ 
ters  of  the  ice  edge,  with  scattered  wave 
vectors  reducing  its  directional  spread.  The 
actual  decay  of  energy  with  distance,  howev¬ 
er,  does  fit  a  simple  one-dimensional  scatter¬ 
ing  model.  The  second  important  result  was 
that  significant  reflection  (35-13%)  of  wave 
energy  occurs  from  the  front  of  the  ice  edge, 
when  Long-Hasselmann  analysis  is  used. 

Modeling 

One  of  the  main  goals  of  MIZEX  is  to  de¬ 
termine  the  essential  physics  of  the  ice  edge 
advance  and  retreat.  Analysis  of  model  simu¬ 
lations  are  relevant  to  this  goal  and  can  help 
answer  the  basic  question,  what  determines 
the  position  of  the  ice  edge?  While  a  fully 
coupled  atmophere-ke-ocean  model  generally 
is  needed  to  model  the  ke  edge,  much  can  be 
learned  by  analyzing  ke-ocean  simulations.  In 
order  to  examine  the  sensitivity  of  the  ke 
edge  to  ke  dynamics  and  ocean  circulation, 
W.  D.  Hibler  III  and  K.  Bryan  (unpublished 
manuscript,  1986)  have  carried  out  and  ana¬ 
lyzed  a  large-scale  ke-ocean  numerical  simu¬ 
lation  that  included  the  Greenland  and  Nor¬ 
wegian  seas.  Overall,  the  ke  edge  position  in 
this  model  is  largely  determined  by  a  compe¬ 
tition  between  ke  aidvection  from  the  north 
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and  heat  advection  from  the  south,  which  ul¬ 
timately  reached  the  ice  mainly  through  ver 
cal  convection.  Melting  can  cause  cold  fresh-) 
water  to  cap  ofT  the  warm  salty  water,  but  a  ! 
lot  of  melting  is  required  to  do  this.  If  the  ke 
production  increases,  we  expect  the  ke  edge 
front  to  shift  southward.  However,  while  thiM 
overall  view  is  largely  correct,  analysis  of  theH 
temporal  variations  of  vertical  salt  and  heat  V 
fluxes  at  the  ice  margin  show  that  the  ice  ad¬ 
vance  and  retreat  is  substantially  complicatecj 
bv  the  local  ice  dynamics,  such  as  ice-ocean 
eddies  and  boundary  laser  processes. 

Clearly,  use  of  detailed  satellite  imagers  in” 
conjunction  with  modeling  experiments  and 
oceanographic  measurements  from  drifting  | 
buovs  can  help  clarify  the  role  of  these  pro¬ 
cesses  in  ice  edge  advance  and  retreat.  Howl 
ever,  it  also  appears  necessary  to  carry  out 
more  detailed  shipboard  investigations  of  an 
advancing  ice  edge.  While  such  studies  have| 
been  carried  out  for  a  decaying  ice  edge  in 
the  MIZEX  experiment,  thes  have  not  vet 
been  done  on  an  advancing  ice  edge  Such  a 
studs  is  planned  for  the  Winter  MIZEX. 

Meteorology 

Temporal  and  spatial  properites  of  the  at¬ 
mosphere  were  measured  extensively  in  both 
MIZEX  83  and  MIZEX  84.  During  the  syn¬ 
optic  meteorology  program  (see  Figure  I). 
high-resolution  descriptions  were  obtained 
from  the  surface  to  the  top  of  the  boundary 
laver  over  spatial  separations  up  to  200  km.  ■ 
For  this  5-dav  period  during  MIZEX  84.  ra-H 
winsondes  were  launched  from  four  ships  esW 
erv  3  hours,  and  a  tethersonde  was  launched 
from  a  fifth  ship.  Continuous  surface  laser 
measurements  were  made  from  all  ships.  ■ 
During  this  same  period,  aircraft  flights  wer^ 
made  with  in  situ  and  remole  sensors  to  mea¬ 
sure  atmospheric  properties. 
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Fig.  2.  Summary  of  30-min  drag  coef¬ 
ficient  CDn  of  roughness  length  as  a  func¬ 
tion  of  upwind  ice  concentration.  The  0%  I 
ice  concentration  values  were  obtained 
when  the  ship  was  near  or  within  the  MIZ^ 
but  no  ice  was  observed  upwind.  The 
group  labeled  "ke  visible”  were  recorded 
when  ke  was  visible  but  not  upwind  from  ’ 
the  ship.  "Open  ocean”  points  were  re¬ 
corded  when  no  ke  was  visible  from  the 
ship.  Both  groups  correspond  to  0.0%  ice  | 
concentration  but  are  displaced  from  each 
other  for  clarity. 


The  weather  in  the  summer  East  Green¬ 
land  Sea  MIZ  is  characterized  bv  light  winds 
and  long  periods  of  stratus  and  fog,  with  oc¬ 
casional  passage  of  a  slowls  moving  occluded 
esc  lone  that  brings  moderately  strong  winds. 
The  winds  rarels  exceed  15  m/s  and  are 
more  tvpicallv  5  m/s,  with  no  strongly  pre¬ 
ferred  direction.  Winds  from  the  south  are  a 
little  warmer  and  more  moist  and  are  often 
accompanied  bv  fog  or  low  stratus.  The 
boundary  laser  depth  ranges  from  1(H)  to 
liHM)  m,  with  a  typical  value  of  about  500  m 
or  less;  surlace-based  inversions  are  common 
and  can  exceed  10”C  in  strength.  With  such 
stable  conditions,  there  is  often  a  strong  turn 
ing  of  the  wind  with  height  to  the  point  that 
the  winds  aloft  are  nearly  decoupled  from 
those  of  the  surface.  Precipitation,  when  it  oc¬ 
curs.  is  usually  vers  light  and  often  near  the 
freezing  point.  The  diurnal  temperature  fluc¬ 


tuations  are  2°-5°.  with  the  maximums  and 
minimjms  rarels  departing  more  than  5° 
from  0. 

Satellite  coverage  showed  that  only  very 
rarels  were  cloud  structures  seen  to  be  direct¬ 
ly  related  to  the  MIZ.  The  most  common  of 
these  were  the  off-ice  cloud  streets  that  are 
seen  quite  often  in  the  winter  but  onlv  occa¬ 
sionally  in  the  summer.  The  onlv  obvious  dif¬ 
ferences  seen  between  the  conditions  ob¬ 
served  from  the  ice  and  open  ocean  ships 
were  in  the  wind  speed  (a  little  higher  in  the 
open  ocean)  and  in  the  temperatures  (less  di¬ 
urnal  cvcle  and  warmer  in  the  open  ocean). 

Results  from  surface  wind  stress  measure¬ 
ments  made  during  MIZEX  85  from  the  ship 
Polarbjom  were  chosen  to  be  presented  here 
because  atmospheric  forcing  is  a  primary  con¬ 
cern  in  oceanography,  ice  dynamics,  bound¬ 
ary  laser  meteorology,  and  acoustics  in  the 


MIZ.  Several  factors  are  important  in  atmo¬ 
spheric  forcing  in  the  vicinity  of  the  MIZ  A 
transition  of  wind  stress  occurs  from  pack  ice 
to  oi  ean  because  of  large  variations  in  surface 
roughness  and  temperature.  The  focus  of 
these  results  is  the  influence  of  surface 
roughness  Polarbjom  was  often  moving  so 
that  wind  stress  measurements  based  on  wind 
prohle  or  eddv  correlation  methods  were  not 
possible.  However,  the  turbulent  kinetic  ener¬ 
gy  dissipation  method  has  been  shown  to  be 
successful  at  estimating  wind  stress  on  an  un¬ 
stable  platform  such  as  a  moving  ship 
\Schaehrr  rl  al.,  1981]  Bv  using  this  method, 
the  wind  stress  was  estimated  over  a  6-week 
period  under  various  atmospheric,  ice.  and 
ocean  conditions  in  several  different  regions 
of  the  MIZ.  Wind  stresses  derived  from  dissi¬ 
pation  measurements  showed  variations  larg¬ 
er  than  one  order  of  magnitude.  These  varia¬ 
tions  were  due  to  changes  in  wind  speed  and 
the  10-m  drag  coefficient  CDN  (roughness). 
Estimates  of  (.'Ul<  varied  over  a  wide  range, 
from  0.5  x  1 0 " 3  to  5.5  x  I0"3.  However,  the 
largest  variations  were  generally  found  to  be 
associated  with  ice  conditions.  CDN  was  higher 
than  ty  pical  open  ocean  values  [Largt  and 
Pond.  1981]  when  ice  was  nearbv  but  not  visi¬ 
ble  upwind.  In  regions  of  less  than  70(£  ice 
concentration.  Cdn  showed  a  marked  in¬ 
crease  to  an  average  value  of  4.0  x  10“' 

Data  from  several  periods  characterize  this 
influence  of  various  observed  surface  fea¬ 
tures  on  the  wind  stress.  These  features  in¬ 
clude  the  ice  roughness,  ice  floe  sizes,  and 
floe  freeboard,  as  well  as  concentration.  This 
was  possible  because  Polarbjom  s  tracks  were 
in  and  out  of  the  MIZ.  Results  from  one  peri¬ 
od  particularly  illustrate  how  changing  ice 
concentrations  affect  the  relative  value  of  CDn 
when  other  parameters,  such  as  wind  speed, 
stability,  floe  size,  and  floe  surface  roughness 
remained  nearly  constant  (Figure  2).  At  the 
beginning  of  the  period.  Polarbjom  was  locat¬ 
ed  in  the  open  ocean  within  100  m  of  the  ice 
edge.  Although  there  was  no  ice  upwind, 
drag  coefficients  were  higher  than  typical 
open  ocean  values.  This  mas  due  to  the  re¬ 
flection  of  waves  off  the  distinct  edge  causing 
greater  sea  surface  roughness.  Later  in  the 
period.  Polarbjom  encountered  a  wide  variety 
of  ice  concentrations.  The  estimated  drag  co¬ 
efficient  values  were  as  high  as  5.0  x  10'5  in 
regions  of  concentrated  ice.  The  extremely 
rough  nature  of  the  surface,  documented 
photographically,  explained  the  high  value  of 
Cdn- 

P.  $.  Guest  and  K.  L.  Davidson  (unpub¬ 
lished  manuscript.  1986)  obtained  qualitative 
relationships  between  ice  floe  features  and 
CDN  bv  comparing  ice  photographs  with  esti¬ 
mated  neutral  drag  coefficients.  An  ice  fea¬ 
ture  characterization  was  made  by  categoriz¬ 
ing  the  ice  flows  into  three  types.  In  general, 
dissipation-derived  neutral  drag  coefficient 
values  in  areas  of  high  ice  concentration  usu¬ 
ally  were  found  to  be  higher  than  those  in 
previously  reported  sea  ice  studies,  as  sum¬ 
marized  bv  Overland  (1985).  This  is  not  unex¬ 
pected.  since  the  surface  conditions  of  the 
East  Greenland  Sea/Fram  Strait  MIZ  is 
rougher,  at  least  visually,  than  other  polar  ice 
regions  where  wind  stress  has  been  mea¬ 
sured. 


Oceanography 

Ice-Ocean  Eddies 

During  the  summers  of  1983  and  1984.  ex¬ 
tensive  ice-ocean  eddv  investigations  were 
carried  out  bv  ship  and  helicopter,  including 
Eulerian  and  Lagragian  measurements  in 
combination  with  remote  sensing  observa¬ 
tions.  In  1983  the  eddy  study  focused  on  the 
60-km  cvclonic  ice-ocean  eddv  that  is  fre¬ 
quently  located  over  the  Molloy  Deep,  a 
5500-m  depression  centered  at  7I)°10'N.  3°E 
(see  cover)  [Johannrssen  et  at.,  1984|.  Using  the 
conservation  of  potential  vorticity  relation. 
Smith  et  at.  (1984 1  suggested  that  this  eddy 
was  topographically  generated  and  trapped. 
They  further  demonstrated  the  generation  of 
a  trapped  eddy  with  a  numerical  model  bv 
using  a  two-laver  flow  over  such  a  depression. 

During  MIZEX  84.  the  eddy  studies  were 
widened  to  include  transient  eddy  features 
north  and  south  of  the  Mollov  Deep  (see  Fig¬ 
ure  I ).  Real-time  analysis  of  extensive  passive 
and  active  remote  sensing  observations  from 
aircraft  and  satellites  were  used  to  direct  ihe 
ships  into  the  eddy  held  south  of  the  Molloy 
Deep.  Photographic  and  synthetic  aperture 
radar  (SAR)  images  revealed  surface  signa¬ 
tures  of  cyclonic  ice-ocean  eddies  with  scales 
of  20-40-km  and  with  ice  convergance  in  the 
eddy  center  (see  Figure  3).  Vertical  conduc¬ 
tivity-temperature-depth  (CTD)  sections  (Fig¬ 
ure  4)  indicated  that  the  eddies  extended  to 
more  than  500  m.  while  drifting  Argos  buoys 
and  current  meters  measured  orbital  speeds 
of  the  eddies  as  30-50  cm/s.  Horizontal  speed 
of  sound  changes  are  estimated  to  be  about 
15  m/s.  In  studies  of  the  MIZEX  84  eddv 
data,  there  are  indications  that  the  smaller 
eddies  located  south  of  79°N  might  be  spun 
off  from  the  Molloy  Deep  region.  Therefore 
this  complex  topographic  region  mav  be  an 
important  area  for  generation  of  the  smaller 
(20-40-km)  transient  eddies  in  addition  to 
the  large  (50-100-km)  stationary  eddy. 

From  consecutive  remote  sensing  images, 
eddy  propagation  is  estimated  to  be  of  the  or¬ 
der  of  10-15  km/d  in  a  southward  direction, 
while  the  observed  track  of  an  Argos  drifting 
buoy  apparently  trapped  in  an  eddy  suggests 
that  the  life  time  was  more  than  20  days.  One 
eddv  feature  north  of  the  Molloy  Deep  was 
also  tracked  from  the  vessel  Hdkon  Mostly  for 
about  15  days  while  it  displayed  weak  east¬ 
ward  propagation  of  less  than  4  km/d.  Evi¬ 
dence  of  weak  translatorv  motion  was  also  re¬ 
vealed  in  several  SOFAR  float  trajectories  ob¬ 
tained  during  MIZEX  84.  in  agrement  with 
dynamic  topography  obtained  from  helicop¬ 
ter-based  CTD  data. 

At  present,  there  are  five  theories  on  eddy 
generation,  including  baroclinic,  barotropic, 
and  topographic  instability  [fohannessen  et  at.. 
1983a.  1985;  Wadhams  and  Squire  1983).  The 
fourth  theory,  suggested  by  HakJtinen  [1984] 
in  a  numerical  study,  proposes  that  wind- 
driven  upwelling  along  a  wavy  ice  edge  can 
generate  eddies  through  differential  Ekmann 
pumping.  The  fifth  theory  is  simply  that  ed¬ 
dies  are  already  present  in  the  open  ocean, 
and  when  they  are  advected  with  the  north¬ 
ward  flowing  Atlantic  water,  they  will  eventu¬ 
ally  interact  with  the  ice  and  polar  water.  We 
are  at  present  investigating  these  different 
mechanisms. 

The  importance  of  the  eddies  for  ice  edge 
retreat  has  been  estimated  quantitatively  for 


summer  conditions  [fohanrussen  et  at.,  1985]. 
On  the  assumption  that  the  bottom  ablation  is 
10-20  cm/d  (as  reported  by  Josberger  [1984]), 
the  warm  (3°C)  Atlantic  water  associated  with 
eddy  motion,  advected  10-20  km  under  the 
ice,  can  melt  1.5-m- thick  ice  in  10  days. 

Then,  on  the  assumption  that  the  mean  dis¬ 
tance  between  eddies  along  the  ice  edge  is  50 
km.  the  ice  edge  will  retreat  0.4  km/d.  In  the 
absence  of  these  eddies  the  retreat  due  to  the 
bottom  ablation  is  reduced  by  a  factor  of  10. 
However,  the  ice  may  not  necessarily  remain 
trapped  in  the  eddv  until  completely  melted. 
Thus  the  eddy  may  tend  to  act  more  as  a  pre- 
conditioner  to  ice  melt  and  retreat  by  produc¬ 
ing  larger  areas  of  thinner  ice.  which  would 
in  turn  be  mechanicallt  weaker  in  respect  to 
floe-io-floe  collisions  and  oceanic  wave  de¬ 
structions. 

Boundary  Layer 

Another  ice  mass  loss  mechanism  in  the 
MIZ  occurs  during  episodes  when  wind  rap¬ 
idly  advects  ice  over  warm  water,  where  it  di¬ 
verges  and  rapidly  disintegrates.  During  MI¬ 
ZEX  84.  two  such  episodes  accounted  for 
perhaps  100-120  km  of  pack  ice  melt  in  the 
region  south  of  Potarque en.  despite  much 
smaller  changes  in  the  ice  edge  position.  (The 
edge  was  at  about  80” N  and  from  2*  to  6”E.) 
The  divergence  creates  a  broad  swath  of  dif¬ 
fuse  ice  further  north. 

Boundary  layer  measurements  of  turbulent 
stress  and  oceanic  heat  flux,  combined  with 
ice  ablation  data  from  near  Potarque en.  sug¬ 
gest  that  buoyancy  flux  associated  with  ice 
melt  is  instrumental  in  causing  the  diver¬ 
gence.  During  summer,  divergence  near  the 


ice  edge  both  increases  contact  between  ice 
and  warm  water  and  enhances  insulation  in 
the  vicinity  of  ice  floes  by  lowering  albedo. 


The  combined  effect  probably  enhances  over¬ 


all  ice  melting.  In  winter,  similar  divergence 
presumably  cools  sea  water  over  a  much 
broader  area  and  increases  overall  ice  pro¬ 


duction. 


Internal  Waves 

During  MIZEX  83.  a  10-day  period  of  inter¬ 
nal  wave  studies  were  carried  out  with  therm¬ 
istor  chains  located  in  a  triangle  500  m  acrosM 
and  10  km  into  the  ice  field  from  the  edge  I 
[fohannessen  et  at.,  1985].  At  the  beginning  ofW 
this  series,  internal  waves  with  20-min  period 
and  with  a  vertical  displacement  of  10  m 
dominated  the  record.  The  frequency  spec¬ 
trum  generally  showed  that  the  energy  level 
was  somewhat  lower  than  indicated  by  the 
"universal"  Munk  and  Garrett  theory  [Garrett 
and  Munk,  1975].  However,  it  should  be  not-H 
ed  that  these  dau  were  obtained  during  calnH 
wind  conditions.  In  MIZEX  84.  the  internal  H 
wave  study  was  expanded  to  include  acoustic 
and  remote-sensing  observations,  and  inter¬ 
nal  wave  trains  with  wavelengths  of  2  km 
were  clearly  seen  in  the  ice  edge  region  in 
side-looking  airborne  radar  (SLAR)  imagery 
obtained  under  calm  conditions  [Ross  and 
Tome  hay,  1984].  The  1984  data  set  should  H 
yield  new  and  interesting  results  on  the  intefl 
nal  wave  field  under  both  calm  and  windy  V 
conditions.  Impact  of  internal  waves  on 
acoustic  ambient  noise  caused  by  convergence 
and  thus  bumping  of  the  ice  floes  and  on  ■ 
acoustic  propagation  through  focusing  and  ■ 
defocusing  effects  should  be  explained  by  this 
data  set  [fohannessen  et  at.,  1985). 

I 


TABLE  la.  M1ZEX  84  Remote-Sensing  Instrument  Ensembles:  Aircraft  Sensors 


Frequency, 

Resolution  and 

MIZ  Characteristics 

Instruments 

GHz 

Coverage 

Provided 

CCRS  CV-580  (CCRSIERJM) 

Imaging  radar  (SAR) 

9.8.  5.3,  1.3 

3  m,  10-km 

ke  edge  location, 

swath  width, 

eddv  structure,  ice 

70-km 

type  mapping, 

mosaics 

ocean  wave 

Scatterometer 

13.3 

profiler 

spectra,  floe  size 

Microwave  radiometer 

19.4 

profiler 

distribution,  ice 

Aerial  cameras 

visible 

concentration,  and 
ice  kinematics 

L'SA-NRL  P-3 

Passive  microwave  imager 

90 

15-120  m,  2-15 

ice  edge  location 

SSM/1  radiometer 

19,  22.  31,  37 

km  swath 

ice  concentration. 

width 

ice  tvpe,  and 

PRT-5  infrared  profiler 

1 1  (microns) 

100-km  mosaics 

ice  kinematics 

INS  winds 

NA 

Environmental  sensors 

NA 

60  mm  photography  (Hasselbtad) 

visible 

Norwegian  Air  Force  P-3 

AXBT 

NA 

point 

ocean  temperature 

measurements 

CV-990  (NASA) 

Radar  altimeter/scatterometer 

13.7 

1  km,  profiler 

wave  height,  ice  edge 

location, 

Passive  microwave  imager 

92.  19 

100  m,  100-km 

ice  type,  and 

mosaics 

ice  concentration 

Radiometer 

10.7,  18,  21.  37 

profiler 

PRT-5  and  camera 

1 1  ym.  visible 

NOAA  P-3 

SLAR 

35  GHz 

10  m.  20-km 

ice  edge. 

swath  width 

flow  size 

Laser  profilometer 

visible 

profiler 

distribution,  ice 

Gust  probe 

concentration,  ice 

Stepped  frequency  radiometer 

45-7.2 

profiler 

tvpe,  ice 
roughness,  and 
eddy  structure 

B-t  7  (CNES! France) 

SLAR 

9.3  GHz 

25  m,  20-km 

ice  edge  location. 

swath  width 

flow  size 

Photography 

visible 

90-km  mosaics 

distribution,  ice 
concentration,  and 

oceanographic 

information 

Falcon  20  (DFVLR/FRG) 

Meteorology  air  samples 

NA 

profiler 

cloud  drop  size 

distribution, 
aerosol  samples, 
and  scattering 
coefficient 

CCRS:  Canada  Centre  for  Remote  Sensing;  CNES:  Centre  National  de'Etudcs  Spatiales. 
France;  ERIM:  Environmental  Research  Institute  of  Michigan;  DFVLR:  Deutsche  Forschungs- 
und  Versuchsanstalt  fur  Luft  und  Raumfahrt,  Federal  Republic  of  Germany:  NASA:  National 
Aeronautics  and  Space  Administration;  NOAA:  National  Oceanic  and  Atmospheric  Administra¬ 
tion;  NRL:  Naval  Research  Laboratory. 


Remote  Sensing 

The  remote-sensing  program  had  two  main 
objectives.  The  first  was  to  obtain  a  synoptic 
picture  of  the  morphology  and  evolution  of 
the  experiment  area  so  that  the  local  mea¬ 
surements  could  be  put  in  a  regional  context. 
The  second  was  to  gain  a  better  understand¬ 
ing  of  the  interaction  between  electromagnet¬ 
ic  radiation  and  the  ice  and  ocean  surfaces 
under  summer  marginal  ice  zone  conditions. 
To  meet  these  objectives,  an  ensemble  of  sat¬ 
ellite.  aircraft,  and  ship-  or  helicopter-based 
remote-sensing  instruments  were  used  in  the 
experiment  (see  Table  I ;  also  Shuchman  and 
Bums  (1985))  and  provided  optical,  infrared, 
and  microwave  data. 

The  satellite  and  aircraft  data  have  yielded 
a  synoptic  description  of  the  mesoscale  mor¬ 
phology  of  the  Fram  Strait  MIZ  and  its  varia¬ 
tions  throughout  a  typical  summer  and  an 
opportunity  to  test  and  simulate  satellite  anal¬ 
ysis  algorithms.  The  Nimbus  7  scanning  mul¬ 
tichannel  microwave  radiometer  (SMMR)  se¬ 
quential  images,  with  25-km  resolution,  were 
acquired  every  2  days  throughout  the  experi¬ 
ment  and  show  the  location  of  the  ice  edge 
and  its  variation  under  changing  meteoro¬ 
logical  and  oceanic  conditions.  Thermal  in¬ 
frared  images  from  the  NOAA  advanced 
very  high  resolution  radiometer  (AVHRR)  in¬ 
strument.  obtained  during  cloud-free  peri¬ 
ods,  indicate  the  thermal  structure  of  the 
ocean  off  the  ice  edge  and  the  evolution  of 
features  associated  with  ice/ocean  eddies  at  a 
resolution  of  1  km.  The  passive  microwave 
images  and  profiles,  with  resolutions  of  the 
order  of  hundreds  of  meters,  are  used  to  de¬ 
rive  sequential  maps  of  the  mesoscale  ice  con¬ 
centration  and  ice  edge  structure.  The  SLAR 
and  SAR  image  data  have  provided  a  unique 
high-resolution  (3-10  m)  view  of  the  complex 
MIZ  structure,  with  estimates  of  floe  size  dis¬ 
tribution.  ice  concentration,  and  location  and 
size  of  ke/ocean  eddies. 

During  the  experiment,  synoptk  data  were 
analyzed  in  real-time  at  the  TromsO  Coordi¬ 
nation  Center  and  supplied  directly  to  the 
ships  to  aid  in  planning.  The  ke/ocean  eddies 
were  extensively  "sea  truthed"  in  this  way.  By 
using  the  SAR  real-time  output  images  to  lo¬ 
cate  the  center  of  eddies  identified  on  the 
coarser  resolution  AVHRR  visible  images, 
complete  temperature,  salinity,  and  density 
profiles  were  obtained  from  ships  and  air¬ 
dropped  expendable  bathythermographs 
(AXBTs). 

In  addition  to  mesoscale  information  on  ke 
edge  and  eddy  formation,  the  higher-resolu¬ 
tion  instruments  also  yield  melt  front  charac¬ 
teristics.  Imaging  radar  and  helkopter  scat- 
ic  ■  meter  data  show  a  distinct  change  in 
bu.  »  scatter  across  the  front,  caused  by  the 
damping  of  capillary  waves  in  the  melt  water 
area.  Meteorological  and  oceanographic  mea¬ 
surements  from  aircraft  as  well  as  from  ships 
are  being  studied  to  understand  the  bound¬ 
ary  layer  conditions  associated  with  frontal 
features. 

A  major  achievement  of  the  remote-sensing 
program  was  the  collection  of  temporally  and 
spatially  coincident  data  sets  that  can  poten¬ 
tially  lead  to  a  better  understanding  of  the 
phvskal  basis  for  observed  features.  Physkal 
properties  of  both  ke  and  ocean  surfaces 
were  observed  by  calibrated  mkrowave,  ther¬ 
mal,  and  optkal  (visible  and  laser)  wavelength 
instruments  from  the  surface,  ships,  helkop- 


ters,  and  low-flying  aircraft.  Studies  are  con¬ 
centrating  on  tracking  the  signatures  during 
the  transition  from  freezing  to  melt  condi¬ 
tions  and  determining  an  optimum  combina¬ 
tion  of  sensors  to  monitor  this  period  of  ma¬ 
jor  changes  in  the  MIZ. 

Acoustics 

Ocean  acoustks  during  MIZEX  84  focused 
upon  two  unique  aspects  of  the  marginal  ke 
zone: 

•  propagation  of  signals  through  the  highly 


variable  oceanographk  and  ke  conditions  of 
the  MIZ  and 

•  ambient  noise  processes  generated  within 
the  MIZ. 

Secondary  efforts  concerned  refraction  and 
reflection  programs  for  the  structure  of  the 
Yermak  Plateau  and  evaluation  of  the  poten¬ 
tial  for  ocean  tomography  near  the  MIZ. 

The  hydrophone  arrays  for  receiving 
acoustk  signals  were  deployed  from  MS 
Kvttbfom,  whose  drift  track  is  indkated  in  Fig¬ 
ure  1.  Two  principal  systems  were  deployed: 
an  array  of  up  to  SO  drifting  hydrophones 


TABLE  14. 


MIZEX  84  Remote-Sensing  Instrument  Ensembles:  Ship-  and  Surface-Based 
Sensors 


MIZ 

Instrument 

Frequency, 

Resolution  and 

Characteristics 

Instruments 

Platform 

GHz 

Swath 

Provided 

Drifting  Ice  Ship  Station  ( Polarqueen )* 

Passive  microwave 

ground 

l  J.  18.  37, 

point 

ice  type  and 

radiometer 

and  90 

measurements 

EM 

properties 

Ice-Strengthened  Ship  (Polarstem)t 

Microwave  step  frequency 

helicopter 

1-18  selected 

profiler 

ice  type.  EM 

scatteromeier 

properties. 

Dielectric  constant 

ground 

1-4 

point 

and  EM  ice 

measurements 

measurements 

properties 

(reflection. 

penetration, 

etc.) 

PranceICNF  S 

RAMSES  microwave 

ship-mounted 

8-18  selected 

point 

ice  type  EM 

active  radiometer 

(9,  13.5 
used 

extensively) 

measurements 

properties 

ERASME  scatterometer 

helicopter 

5.35 

transects 

ERIM 

Resonant  cavity  (dielectric 

ground 

1.  10.  100 

point 

EM  ice 

constant 

MHz 

measurements 

properties. 

measurements) 

X-C-L  SAR 

Incident  power 

calibration. 

measurements 

and 

Snow-free  water 

microwave 

measurements 

penetration 

were  being  made  in  the  vicinity  of  Kiitbjorn. 
The  overall  goal  was  to  have  a  large  number 
of  environmental  measurements  supporting  | 
the  acoustic  observations. 

The  data  from  MIZEX  84  are  now  being 
processed.  While  very  preliminary,  several 
initial  results  can  be  stated. 

MIZ  Acoustic  Fluctuations 


I 

I 


The  scale  of  acoustic  fluctuation,  as  mea¬ 
sured  by  the  bandwidth  spreading  after  re¬ 
moval  of  Doppler  shift  of  a  series  of  tone 
transmissions  between  Polarqueen  and  Kmtb- 
jom  over  a  range  of  approximately  100  km.  is 
much  higher  than  that  observed  in  either  thi 
temperate  oceans  [ Dyson  et  ai..  1976]  or  the 
central  Arctic  [Mikhalevsky.  1981).  Figure  5 
compares  some  of  the  MIZEX  84  measure¬ 
ments  with  those  of  the  references  just  cited 
[DaW  et  al..  1986).  While  the  source/receiver 
geometry  is  not  as  well  constrained  as  that 
the  references,  it  is  essentially  static  compan 
to  the  spreading  scales  observed.  These  data 
clearly  indicate  that  the  MIZ  is  a  much  more 
dynamic  acoustic  environment. 


CNES:  Centre  National  d'Etudes  Spatailes  (France);  ERIM:  Environmental  Research  Institute 
of  Michigan. 


•University  of  Washington 

tUniversity  of  Kansas 

across  an  aperture  of  up  to  10  km  and  a  ver¬ 
tical  array  of  30  hydrophones  deployed  to  a 
maximum  depth  of  400  m.  Maintaining 
acoustic  arrays  in  the  MIZ  is  very  difficult. 
There  is  too  much  ice  to  permit  use  of  towed 
arrays,  vet  the  ice  is  not  stable  enough  to  use 
as  a  platform.  For  this  reason,  a  free  drifting 
array  was  developed  and  deployed  from  the 
small  floes  of  the  MIZ  and  could  obtain  array 
locations  by  internal  signalling.  The  drifting 
hvdroohone  array  telemetered  signals  over  a 
radio  frequency  link  to  a  recording  station 
aboard  Kmtbjom.  Positional  accuracies  of  ±  1 
m  were  obtained  over  sensor  separations  of 
up  to  10  km  [von  der  Heydt  et  al..  1985)  using 
wideband  pulsed  acoustic  signals.  More  im¬ 
portantly.  the  location  system  has  provided 
the  best  data  now  available  of  macroscale  ice 
kinematics  [Duckworth  tt  al..  1984). 

Several  acoustic  sources  were  used.  Coher¬ 
ent  signals  were  transmitted  from  HLF-3  low- 
frequency  programable  sources.  One  source 
was  on  board  MS  Polarqueen  within  the  MIZ 
at  ranges  of  45  and  100  km.  while  the  other 
was  towed  from  USNS  Lynch,  which  ran  a  se¬ 
quence  of  tracks  near  the  ice  edge.  The  sig¬ 
nals  consisted  of  tones  and  chirped  and  cod¬ 
ed  waveforms  up  to  200  Hz.  One  of  the 
ocean  tomography  sources  was  deployed  off 
the  margin  of  Svalbard.  Explosive  sources 
were  used  for  ice  canopy  scattering,  acoustic 
propagation,  and  seismic  refraction  investiga¬ 
tions.  Several  large  (100-kg)  charges  were  also 
detonated  for  reverberation  studies. 

Ambient  noise  measurements  were  made 
periodically  under  silent  ship  conditions.  An 
innovative  helicopter  survey  for  ambient 
noise  synopsis  was  done  by  deploying  a  hy¬ 


Ice  Kinematics 

The  ice  kinematics  on  scales  less  than  10 
km  and  1  day  are  much  more  complicated 
than  was  previously  observed.  Divergence 
and  shear  of  the  ice  pack  can  be  correlated 
with  environmental  stresses  of  wind  and  cur¬ 
rent.  Moreover,  high-frequency  spectral  com 
ponents  have  the  same  scale  as  the  internal 
waves  observed  on  the  thermistor  chains. 

Propagation  Modeling  Considerations 


drophone  at  several  remote  locations.  A  spec¬ 
trum  analyzer  and  a  tape  recorder  powered 
by  a  small  generator  were  used  to  acquire  the 
data. 

During  the  acoustic  experiments  a  large 
number  of  environmental  measurements 


Propagation  models  that  use  the  range-de 
pendent  capabilities  of  the  parabolic  equation 
method  indicate  that  the  frontal  nature  of  the 
oceanography  is  very  important.  Significant 
scattering  is  created  in  comparison  to  the  re¬ 
sults  obtained  from  the  range-independent 
models  that  are  traditionally  used. 
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TABLE  lc.  MIZEX  84  Remote-Sensing  Instrument  Ensembles:  Satellite  Sensors 


Instruments 

Type 

Resolution  and 
Coverage 

— - - 1 

MIZ  Characteristics  Provided 

1 

AVHRR 

visible  and  infrared 

NOAA  7/8 

I  km;  entire  Fram  Strait 

meteorology,  ice  motion,  ice « 
edge  location,  and  eddy 
structure 

OLS 

visible  and  infrared 

Meteor  (Soviet) 

5  km;  entire  Fram  Strait 

meteorology,  ice  motion,  ice  * 
edge  location,  and  eddy 
structure 

OLS 

visible  and  infrared 

DMSP  (DOD) 

1  km;  entire  Fram  Strait 

meteorology,  ice  motion,  ice 
edge  location,  and  eddy 

MSS 

visible  and  near 
infrared 

Landsat  D  (NASA) 

80  m;  100- km  frames 

structure  | 

meteorology,  ice  motion,  ice 
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Fig  5.  The  rms  phase  rate  as  a  func¬ 
tion  of  frequency,  scaled  bv  the  square 
root  of  range  for  various  oceanic  regions. 


Fig.  6.  The  distribution  of  integrated 
chlorophyll  during  the  first  mesoscale  sur¬ 
vey  (June  19-22.  1984).  The  dashed  line 
indicates  the  position  of  the  ice  edge.  Inte¬ 
grations  were  performed  from  the  surface 
to  150  m. 


Ice  Radiation  Noise  Levels 

Radiation  from  individual  ice  events  was 
observed  over  the  frequency  range  10  Hz-50 
kHz.  Floe  bumping  and  shearing  are  hypoth¬ 
esized  to  be  important  at  all  frequencies  in 
creating  ambient  noise.  Moment-induced 
noise  and  gravity-induced  noise  are  impor¬ 
tant  at  low  frequencies.  Noise  induced  by  at¬ 
mospheric  cooling  is  important  at  middle  fre¬ 
quencies. 


Biology 

The  importance  of  marginal  ice  zones  to 
the  ecosystems  of  polar  regions  is  well  estab¬ 
lished.  Early  reports  emphasized  the  concen¬ 
tration  of  higher  trophic  levels  in  the  MIZ, 
particularly  whales,  seals,  and  birds.  More  re¬ 
cent  studies  have  documented  the  magnitude 
of  phytoplankton  blooms  at  the  ice  edge,  as 
well  as  the  dominant  controlling  mechanisms 
(e  g..  Smith  and  Nelson,  1985).  In  1983  the  dis¬ 
tributions  of  nutrients  (nitrate,  phosphate,  sil¬ 
icate.  ammonium,  and  nitrite)  and  phyto-  and 
zooplankton  biomass  were  studied  in  the 
Fram  Strait  MIZ.  This  study  found  that  un¬ 
like  most  other  ice  edge  systems,  the  surface 
waters  were  depleted  in  nutrients  because  of 
phytoplankton  growth  [SmUh  et  al.  1985). 
Furthermore,  a  subsurface  ammonium  maxi¬ 
mum  was  observed,  and  calculations  indicat¬ 
ed  that  this  feature  probably  arose  as  a  result 
of  bacterial/microzooplankion  regeneration  of 
particulates  rather  than  the  action  of  macro- 


zooplankton.  This  was  true  in  spite  of  the 
large  standing  stocks  of  the  calanoid  cope- 
pods  Calanus  finmarchicus  and  C.  hyper boreus. 

A  second  finding  of  this  study  was  that  phy¬ 
toplankton  biomass  was  maximal  in  the  vicini¬ 
ty  of  a  quasi-permanent  eddy  located  near 
the  Molloy  Deep.  The  increased  levels  of 
phytoplankton  were  probably  the  result  of  a 
positive  vertical  motion  induced  by  the  eddy, 
which  advected  nutrients  into  the  surface  wa¬ 
ters  and  stimulated  growth. 

The  1984  study  concentrated  on  the  distri¬ 
butional  patterns  of  nutrients,  phvto-  and 
zooplankton,  and  the  rate  processes  associat¬ 
ed  with  each  trophic  level.  Nutrient  concen¬ 
trations  were  again  tow,  with  surface  nitrate 
concentrations  averaging  1 .6  p.M  within  25 
km  of  the  ice  edge.  Chlorophyll  levels  (a  mea¬ 
sure  of  phytoplankton  biomass)  ranged  from 
less  than  0. 1  to  10.5  pg'L  in  the  euphoric 
zone  and  were  clearly  maximal  in  the  transi¬ 
tion  zone  from  consolidated  pack  ice  to  open 
water  (Figure  6).  Primary  production  was  also 
maximal  at  the  ice  edge.  N'umericallv  domi¬ 
nant  species  were  small  (less  than  10  pm) 
flagellates  and  the  prymnesiophyte  Phaeocystis 
pouchetu.  diatoms,  principally  Chaetocoeros 
spp.  and  Nitischia  clostenum,  and  dinoflagel- 
lates  were  also  abundant.  Zooplankton  bio¬ 
mass  was  principally  concentrated  in  theup- 
per  100  m  and  consisted  mostly  of  individuals 
of  Calanus  finmarchicus  and  C.  hyperboreus. 

Rates  of  egg  production  were  tightly  coupled 
to  the  ice/open  water  boundary.  Digestive  en¬ 
zyme  analysis  clearly  showed  that  the  surface 
zooplankton  were  actively  feeding,  whereas 
those  below  150  m  generally  had  reduced  en¬ 
zyme  levels. 

In  summary,  the  biological  studies  of  MI- 
ZEX  have  demonstrated  that  the  ice  edge  of 
the  Fram  Strait  supports  an  active  food  web 
at  all  trophic  levels  and  is  to  a  large  degree 
unique  as  a  result  of  the  phvsical  forcing  and 
initial  nutrient  conditions  of  the  region.  Fur¬ 
ther  studies  are  needed  to  quantify  the  sea¬ 
sonal  cycles  of  phyto-  and  zooplankton 
dynamics  and  to  assess  the  biological  impact 
of  ice  edge-related  eddies  on  the  biogeo¬ 
chemical  cycles  of  this  region. 
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Introduction 

The  overall  objective  of  MIZEX  is  to  gain  a 
better  understanding  of  the  mesoscale  physi¬ 
cal  and  biological  processes  bv  which  atmo¬ 
sphere,  ice.  and  ocean  interact  in  the  margin¬ 
al  ice  zones  (MIZ)  that  are  found  at  the 
boundaries  between  ice-covered  and  open 
oceans.  Improved  modeling  and  better  pre¬ 
diction  of  ice-edge  position,  ice  concentration, 
and  ice  type  in  these  regions  would  be  a  ma¬ 
jor  step  toward  expanding  human  activities, 
for  example,  seaborne  commerce,  fishing,  oil 
exploration  and  production,  and  naval  opera¬ 
tions.  In  addition,  when  more  accurate  pa- 
rameterizations  of  mesoscale  physical  process¬ 
es  are  available  for  inclusion  in  large-scale 
models,  the  result  will  be  a  major  improve¬ 
ment  in  hemispherical  climatological  studies. 

Winter  MIZEX  '87  was  conducted  during 
March  and  April  1987  in  the  Fram  Strait  and 
Greenland  Sea  (see  cover)  and  extended 
along  the  MIZ  from  about  75°N-79°N  and 
5°W-5°E.  The  experiment  included  an  inten¬ 
sive  2-day  investigation  of  the  Barents  Sea 
MIZ  carried  out  between  the  southern  tip  of 
Svalbard  and  Bear  Island.  Two  Norwegian 
ships.  R/V  Hiakon  Mosby  and  the  ice-strength¬ 
ened  R/V  Polar  Circle,  and  the  R/V  Valdivia  of 
the  Federal  Republic  of  Germany  participat¬ 
ed  in  the  experiment.  Flight  operations  were 
carried  out  bv  two  Canadian  aircraft 
equipped  with  Synthetic  Aperature  Radar 
(SAR),  a  U.S.  plane  equipped  with  passive 
microwave  sensors,  a  Norwegian  P3  aircraft, 
and  a  helicopter  based  on  the  Polar  Circle. 

Objectives 

Winter  MIZEX  '87  investigations  were 
based  on  the  need  to  understand  the  atmo¬ 
sphere-ice-ocean  processes  responsible  for  the 
advance  of  the  winter  ice  edge  and  to  mea¬ 
sure  effects  on  acoustics  and  electromagnetic 
remote  sensing  under  conditions  different 
from  those  in  summer.  The  earlier  summer 
results  have  been  published  in  Eos  ([MIZEX 
Croup,  1987),  Science  [Johannessen  et  al., 

1987),  and  the  Journal  of  Geophysical  Research 
Special  Issue  on  Marginal  Ice  Zone  Processes  (vol. 
92,  1987).  Processes  such  as  atmospheric  cool¬ 
ing.  ice  growth,  heat  loss  from  ocean  to  atmo¬ 
sphere,  and  surface  gravity  waves  caused  by 
wind  events  reach  maximum  intensity  during 
the  Arctic  winter  between  December  and 
April.  The  upper  ocean  reaches  its  fully  de¬ 
veloped  winter  state  about  March.  For  these 
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reasons,  and  for  logistical  considerations.  MI¬ 
ZEX  '87  was  conducted  from  mid-March  to 
mid-April.  The  primary  goals  of  the  experi¬ 
ment  were: 

•  To  provide  the  first  comprehensive  me¬ 
soscale  oceanographic  data  set  with  emphasis 
on  fronts,  ice-ocean  eddies,  deep  convection, 
and  internal  waves  in  winter  MIZ.  Such  data 
are  vital  for  ocean  and  acoustic  modeling. 

•  To  demonstrate  the  remote-sensing  capa¬ 
bilities  of  SAR  for  detection  and  tracking  of 
winter  ice-ocean  eddies  and  to  investigate  ice 
types,  ice  concentration,  and  ice  kinematics. 

•  To  provide  mesoscale  meteorological  data 
for  winter  MIZ. 

•  To  provide  ambient  noise  data  integrated 
with  environmental  data  to  improve  our  un¬ 
derstanding  of  ambient  noise  generated  by 
geophysical  processes. 

•  To  obtain  data  on  biological  activitv  in 
winter  MIZ  and  during  the  time  of  initial  ear¬ 
ly  spring  insolation. 

Oceanography 

Large-Scale  Oceanography 

Large-scale  circulation  and  hydrography  in 
the  Greenland  Sea  and  Fram  Strait  were  sur¬ 
veyed  by  the  R/V  Valdivia  along  five  sections 
from  7  PN-79°N,  between  the  polar  ice  pack 
and  the  Barents  Sea  shelf  break.  Conductiv¬ 
ity.  temperature,  and  depth  (CTD)  stations 
were  run  to  the  bottom  at  a  spacing  of  30  n. 
mi.  (55.6  km)  or  less.  Ice  conditions  permit¬ 
ting,  the  survey  from  summer  1986  was  re¬ 
peated  [ Quadfasel  and  Meincke,  1987).  In  addi¬ 
tion,  three  satellite-tracked  buoys  were  re¬ 
leased  in  the  vicinity  of  the  Greenland 
fracture  zone,  which  separates  the  Greenland 
and  Boreas  basins  (see  cover). 

The  most  interesting  result  was  the  close 
coupling  among  circulation,  boundaries  be¬ 
tween  different  water  masses,  and  bottom  to¬ 
pography.  Buoys  released  on  either  side  of 
the  Greenland  fracture  zone  only  30  km 
apart  followed  widely  different  circulation  re¬ 
gimes  (see  cover).  One  buoy  moved  north¬ 
ward  in  the  West  Spitsbergen  Current-Boreas 
gyre  along  the  western  flank  of  the  Knipo- 
vitch  ridge,  while  the  other  two  looped 
around  the  Greenland  gyre,  completing  half 
a  circuit  in  five  months. 

The  Arctic  Water  domain  covers  the  cen¬ 
tral  part  of  the  Greenland  Sea.  It  is  bounded 
to  the  west  by  the  Polar  Front,  which  sepa¬ 
rates  it  from  the  relativelv  fresh  waters  of  the 
East  Greenland  Current.  Subsurface  to  the 
Arctic  Water,  an  undercurrent  carrying  recir¬ 
culated  Atlantic  Water  is  also  associated  with 
the  front.  In  the  east  the  Arctic  Water  meets 


the  warm  and  saline  Atlantic  Water  of  the 
West  Spitsbergen  Current.  Three  sections 
crossed  this  boundary  ,  and  each  showed  the 
Arctic  Front  located  above  the  Kmpovitch 
ridge,  suggesting  topographic  steering  of  the 
circulation  with  a  strong  barotropic  flow  com¬ 
ponent. 

The  Greenland  Sea  is  regarded  as  an  area 
where  deep  convection  and  bottom  water  for¬ 
mation  can  occur  [Killworth.  1979).  Convec¬ 
tion  chimneys  on  the  scale  of  the  baroclink 
deformation  radius,  which  is  about  5  km  in 
this  area,  were  not  observed  in  the  large-scale 
survey.  However,  several  such  chimnevs  were 
observed  in  the  Hiakon  Mosby’s  mesoscale  sur¬ 
vey,  as  will  be  discussed  later.  Vertical  homo- 
genity  was  not  found  to  extend  deeper  than 
180  m  in  any  of  the  Valdivia's  CTD  casts.  In¬ 
stead,  all  profiles  showed  a  subsurface  tem¬ 
perature  and  salinity  maximum  around  200- 
300  m  depth,  associated  with  a  vertical  densi¬ 
ty  gradient  of  0.02  sigma-theta  per  100  m. 
due  to  Atlantic  Water  from  the  Norwegian- 
West  Spitsbergen  Current.  During  the  ex¬ 
periment  stable  stratification  caused  by  this 
intermediate  layer  prevented  deep  convection 
on  the  horizontal  scale  resolved  by  the  large- 
scale  survey  of  the  Valdivia. 

Vortex- Pairs 

The  unique  opportunity  to  receive  down¬ 
linked  SAR  images  every  day  during  the  ex¬ 
periment  enabled  a  real-time  study  of  the 
evolution  of  meanders  and  ice-ocean  eddies 
in  the  MIZ.  (Under  moderate  wind  condi¬ 
tions,  sea-ice  motion  is  a  good  indicator  of 
upper  ocean  circulatin.)  One  of  the  highlights 
of  this  experiment  was  the  observation  of  nu¬ 
merous  jets  and  vortex-pairs  along  the  ice 
edge. 

A  vortex-pair  starts  as  a  local  jet  that  devel¬ 
ops  into  two  counterrouting  eddies  (see  cov¬ 
er).  A  typical  length  scale  of  vortex-pairs 
along  the  ice  edge  is  30  km.  The  lifetime  is 
more  difficult  to  estimate,  but  the  ice  signa¬ 
ture  from  a  time  series  of  SAR  images  sug¬ 
gests  that  it  can  be  as  short  as  3-4  days.  The 
SAR  images  show  several  cases  where  a  fila¬ 
ment  of  ice  shoots  off  the  ice  edge  one  day 
and  grows  into  a  fully  developed  vortex-pair 
the  next  day.  One  or  two  days  later  it  has  de¬ 
generated.  This  apparent  degeneration  may 
be  due  to  ice  that  diffuses  and  melts,  ice  ad- 
vection  by  the  wind,  or  vortex-pair  decay. 

The  problem  is  that  the  surface  signature 
may  disappear  due  to  wind  forcing  of  the  ice 
and  may  obscure  the  subsurface  structure. 
Therefore,  in  situ  dau  from  the  ships  and 
the  drifting  buoys  were  of  vital  importance 
for  interpreting  the  SAR  dau. 

Another  important  aspect  of  these  observa¬ 
tions  is  the  spatial  distribution  of  the  vortex- 
pairs.  They  are  most  readily  observed  along 
the  ice  edges,  where  the  images  show  a  sharp 
contrast  between  ice  and  water.  They  may 
also  occur  within  the  ice  and  in  the  open 
ocean,  but  here  they  are  much  more  difficult 
to  detect  in  the  SAR  images.  Assuming  that 
the  vortex-pairs  occur  most  frequently  along 
the  ice  edge,  it  can  be  hypothesized  that  they 
are  associated  with  the  front  between  colder 
and  warmer  water  masses.  Fedorov  and  Gms- 
bitrg  [1986]  argue  that  jet  currents,  which 
generate  vortex-pairs,  occur  frequently  in  the 
ocean.  The  problem  is  to  observe  them  and. 


so  far,  only  remote-sensing  data  have  been 
able  to  catch  the  phenomenon,  and  then  only 
in  cases  where  a  tracer  is  present.  In  addition 
to  sea  ice.  sea  surface  temperature  gradients 
are  also  a  good  tracer;  therefore  advanced 
very  high  resolution  radiometer  ( AVHRR) 
images,  for  example,  from  the  Norwegian 
Coastal  Current  (fohannessen  el  al.,  1989),  are 
used  to  reveal  such  vortex-pairs.  Observations 
of  vortex-pairs  in  the  Alaska  Coastal  Current 
using  sea  surface  color  contrast  from  Landsat 
Thematic  Mapper  have  been  reported  by  Ahl- 
nds  et  al.  [1987], 

The  vortex-pairs  can  be  produced  from  a 
jet  generated  by  a  local  energy  source.  The 
evolution  of  two  counterrotating  vortices  can 
then  be  a  consequence  of  the  conservation  of 
the  initial  angular  momentum  of  the  jet.  This 
has  been  demonstrated  in  a  series  of  labora¬ 
tory  experiments  in  which  different  modes  of' 
forcing  were  applied  to  a  rotating  fluid  [Flierl 
el  al.,  1983).  Dynamic  instability  of  fronts  and 
currents  and  local  winds  in  the  MIZ  may  be 
the  momentum  source. 

Internal  Waves 

Three  thermistor  chains  were  deployed 
from  ice  floes  in  a  triangle  about  500  m  on 
each  side.  This  array  drifted  southward  in 
the  East  Greenland  Current  close  to  the  ice 
edge  for  5  days.  The  thermistors  were  de¬ 
ployed  at  5-m  intervals  between  45  and  95  m. 
centered  in  the  thermocline  where  tempera¬ 
ture  increases  from  - 1 .8°C  to  about  0.0°C 
over  the  depth  range  of  50  m. 

During  the  5-day  period,  the  internal  wave 
activity  varied  but  was  most  pronounced  in 
the  last  12  hours  of  the  experiment,  just  be¬ 
fore  recovery  of  the  array.  The  dominant  in¬ 
ternal  wave  period  was  20-30  min.  as  during 
a  similar  experiment  in  MIZEX  '83  [ Sandven 
and  Johannessen,  1987).  This  period  is  consist¬ 
ent  with  the  Brunt-Vaisala  frequency,  which 
has  a  maximum  of  2-3  cycles  hourm'nl  in  the 
main  pycnocline.  Typical  amplitude  was  10 
m,  but  toward  the  end  of  the  experiment  20- 
m  amplitudes  were  observed  (Figure  1)  as  the 
array  was  spun  off  from  the  ice  edge  by  a  jet 
current  that  later  developed  into  a  vortex- 
pair.  These  high  amplitudes  may  reflect  ed- 


Ftg.  1.  A  3-hour  time  series  of  therm¬ 
istor  chain  measurements  contoured  at 
0.1*C  interval.  Temperature  is  -1.8“C  in 
the  upper  layer  and  increases  to  above 
1.0“C  in  the  thermocline.  These  data  were 
obtained  on  April  4,  1987,  when  the 
mooring,  suspended  from  an  ice  floe,  was 
entrained  in  a  jet  current. 


dies  in  the  ice  edge  region,  and  it  can  be 
speculated  that  the  generating  mechanism  for 
vortex-pairs  also  causes  internal  waves. 

At  the  beginning  of  the  experiment,  mod¬ 
erate  northerly  winds  prevailed,  but  on  April 
3  the  wind  turned  westerly,  causing  the  ice 
edge  to  become  loose  and  the  arrav  to  drift 
southeastward  toward  open  water.  At  noon 
on  April  4.  when  the  high-amplitude  internal 
waves  were  observed,  the  array  was  moving  at 
a  speed  of  90  cm  smln11.  A  wind  speed  of  5  m 
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sm,nl  cannot  drive  ice  floes  at  such  a  high 
speed,  so  the  most  likely  explanation  is  that  ■ 
the  arravs  were  trapped  in  the  jet  current  as-H 
sociated  with  the  vortex-pair  seen  in  the  SAf^ 
image  of  the  same  dav.  Both  horizontal  and 
vertical  current  shear  associated  with  this  jet  _ 
were  considerable  and  may  have  generated  W 
the  internal  waves.  Further  studs  of  these  in^H 
ternai  wave  observations  may  enable  a  better 
understanding  of  interactions  between  eddies 
and  internal  waves.  ■ 
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Fig.  2.  CTD  section  obtained  from  the  Hdakon  Mosby’ s  SeaSoar  in  the  center  of  the 
Boreas  basin.  The  chimneylike  feature  is  shaded  in  the  salinity  section. 


Upper  Ocean  Chimneys 

The  mesoscaie  thermohaline  and  velocity 
structures  off  the  ice  edge  in  Fram  Strait  be¬ 
tween  75°N-79<>N  and  4°W-4°E  were  studied 
bv  R /V  Hdakon  Mosby  A  total  of  50  sections 
was  obtained  using  a  towed  undulating  CTD 
(SeaSoar)  and  a  ship-mounted  Acoustic 
Doppler  Current  Profiler  (ADCP).  The  sam¬ 
pling  interval  for  the  SeaSoar.  obtained  at  a 
mean  ship  speed  of  7  knots  (3.57  m  sm,nl). 
was  about  one  cycle  to  about  250  m  every  2.5 
km.  The  ADCP-sampling  interval  was  select¬ 
ed  as  5  min.  equivalent  to  about  one  current 
profile  to  300  m  every  km.  In  addition.  70 
deep  (3000  m)  CTD  stations  were  obtained. 

Complex  mesoscaie  thermohaline  struc¬ 
tures  observed  with  the  SeaSoar  included  sev¬ 
eral  narrow,  well-mixed  chimneys  5-10  km 
wide  and  more  then  250  m  deep  (Figure  2). 
Additional  information  from  deep  CTD  casts 
showed  that  the  vertical  homogeneity  of  the 
chimneys  could  extend  to  a  depth  of  about 
600  m.  The  density  in  the  most  pronounced 
of  these  chimneys  was  0.03  sigma-.heta  less 
than  the  average  densitv  of  28.09  sigma-theta 
of  the  deep  water  below  1 500  m.  The  ther¬ 
mohaline  structure  suggests  upwelling  or  up¬ 
ward  mixing  of  intermediate  depth  Atlantic 
Water,  which  is  recirculated  in  the  Fram 
Strait  and  mixed  with  Polar  Water,  with  salin¬ 
ity  and  termperature  higher  than  34.90%c 
and  0*C.  respectively. 

When  elevated  to  the  surface,  this  water 
can  be  exposed  to  surface  cooling.  Using  a 
mean  observed  wintertime  air-water  tempera¬ 
ture  difference  of  about  -10'C.  simple  quanti¬ 
fication  of  the  heat  loss  and  cooling  of  the 
surface  water  (neglecting  solar  radiation!  sug¬ 
gests  that  the  average  temperature  drop  in 
the  upper  25  m  will  be  about  l.7°C  in  about 
10  davs  (from  initially  +0  5°C  to  -1.2°C).  Pro¬ 
vided  salinity  remains  constant,  the  density 
will  increase  by  about  0.04  sigma-theta  to 
28.10.  This  proconditioning  mechanism  [Kill- 
worth,  1979;  Hdkhnen,  1987]  can  be  sufficient 
to  form  water  dense  enough  to  start  convec¬ 
tion  that  eventually  penetrates  the  main  pyc- 
nocline.  Such  convection  may  be  further  in¬ 
tensified  by  freezing  of  ice  accompanied  by 
salt  rejection  and  may  eventually  produce 
bottom  water,  which  is  important  for  carbon 
dioxide  uptake  and  global  climate. 

Abundant  mesoscaie  eddy  features  were  re¬ 
ported  in  the  Fram  Strait  MIZ  by  O.  M.  Jo- 
hannessen  ft  al.  [1983,  1987]  and  J  A.  Jo- 
hanntsstn  rt  al  [1987],  They  conclude  that 
these  eddies  are  generated  primarily  by  dy¬ 
namic  instability  mechanisms  enhanced  by 
discontinuity  of  the  wind  stress  at  the  ice 
edge  or  by  topographic  steering  and  trapping 
of  the  mesoscaie  ocean  circulation.  Cyclonic 
eddies  have  domed  thermohaline  structures 
associated  with  the  upward  vertical  displace¬ 
ment  near  the  eddy  center.  This  results  in  a 
weakening  of  the  stratification.  The  cooling 
of  Atlantic  Water  that  is  elevated  to  the  sur¬ 
face  may  thus  be  sufficient  to  initiate  deep 
convection. 


Meteorology 

The  meteorology  program  was  designed  to 
obtain  microscale,  mesoscaie  and  synoptic 
scale  descriptions  of  the  atmosphere  in  the 
ice-edge  region.  Descriptions  of  features  at  all 
three  Kales  were  obtained  from  the  three 
ships,  remote-sensing  aircraft,  polar-orbiting 


satellites,  and  the  existing  regional  observa¬ 
tion  network. 

Time  series  of  pressure  wind,  temperature 
and  relative  humidity  measured  on  the  Hda¬ 
kon  Mosby  (Figure  3)  illustrate  the  absence  of 
extreme  wind  conditions,  which  typically  oc¬ 
cur  during  the  transit  of  snvoptic  or  meso- 
Kale  cyclones.  Unexpectedly,  the  genesis  of 
cyclones  occurred  some  distance  south  of  the 
MIZ  despite  off-ice  flow  and  large  air-sea 
temperature  differences  (-7*  to  -12'C).  Al¬ 
though  conditions  were  less  severe  than  ex¬ 
pected.  we  obtained  measurements  of  the 
modification  of  the  atmospheric  boundary 
layer  (ABL)  and  surface  wind  stress  across 
the  ice  edge,  as  well  as  features  within  bound¬ 
ary  layer  fronts. 

An  important  feature  in  Arctic  regions  is 
the  presence  of  strong,  low-level  temperature 
inversions.  The  rawinsonde  measurements 
showed  that  the  height  of  the  inversion  var¬ 
ied  from  an  average  of  250  m  over  ice  to  950 
m  over  open  ocean,  with  a  sharp  change  lo¬ 
cated  at  the  ice  edge  during  off-ice  wind  di¬ 
rections.  The  variation  in  inversion  height 
was  related  to  the  variation  in  surface  tem¬ 
perature  from  relatively  warm  ocean  surface 
to  cold  ice  surface.  During  the  summer,  tem¬ 
perature  contrasts  between  surface  and  atmo¬ 
sphere  were  weaker  and  inversions  were 
stronger  and  lower.  Other  factors  observed  to 
cause  increases  in  spring  MIZ  inversion 
heights  were  on-ice  wind  directions,  increased 
wind  speeds,  cloud  formation  and  weaker 
subsidence. 

Distinct  air  masses  form  over  ice-covered 
areas  and  open  ocean.  When  wind  direction 
shifts  from  on-ice  to  off-ice.  a  boundary  layer 
front,  which  moves  away  from  the  ice  edge, 
marks  the  boundary  between  air  masses.  Al¬ 
though  air  formed  over  ice  is  rapidlv  modi¬ 
fied  by  warm  ocean  surface,  the  front  can  ex¬ 


ist  some  distance  (hundreds  of  kilometers) 
awav  from  ihr  edge.  If  an  upper  level  trough 
or  low  moves  over  the  front,  rapid  develop¬ 
ment  of  a  polar  low  will  occur  [Frit.  1988]. 
These  intense  systems  are  smaller  than  typical 
cyclones  and  aie  not  predictable  by  current 
operational  prediction  models 

We  were  able  to  study  characteristics  ot 
several  boundarv-laver  fronts  using  surface 
measurements,  rawinsonde  profiles  and  satel¬ 
lite  imagery.  An  example  of  the  satellite  im¬ 
agery  is  shown  in  Figure  4  with  ship  wind 
barbs  and  streamlines.  The  front  is  the  line 
of  enhanced  convection  (whiter  clouds  on  the 
image)  running  north-south  in  the  open 
ocean  area  west  of  Svalbard.  The  front  was 
associated  with  an  inverted  trough  that 
moved  west  across  the  Fram  Strait.  (An  "in¬ 
verted  trough"  is  a  horizontal  feature  where 
isobars  and  wind  trajectories  curve  to  the 
north  around  a  low-pressure  region  to  the 
south.) 

The  front  movement  was  traced  on  the  ba¬ 
sis  of  satellite  images  as  it  crossed  the  entire 
Fram  Strait  (SrAidtz,  1987).  When  the  Iront 
reentered  an  ice  region  to  the  west  on  March 
26,  after  forming  at  the  eastern  ice  edge  on 
March  24.  it  was  still  detectable  from  a  wind 
direction  shift,  an  increase  in  wind  speed, 
and  an  increase  in  the  height  of  the  inversion 
at  the  locations  of  the  Hdakon  Mosby  and  Polar 
Ctrclt.  A  noticeable  area  of  complex  cloud 
features  exists  toward  the  bottom  of  Figure  4. 
at  the  southernmost  extension  of  the  front. 
This  is  the  region  where  genesis  of  polar  lows 
often  occurs.  In  this  particular  case,  there  was 
no  upper  level  support  and  no  polar  low 
formed. 

Another  type  of  boundary  laver  front  was 
observed  when  the  surface  wind  direction 
shifted  from  off-ice  to  on-ice.  In  these  cases, 
the  front  travels  over  the  ice-covered  region 


Fig.  4  NOAA  satellite  image  of  the  MIZEX  region  on  March  26.  1987.  The  solid 
lines  show  surface  wind  trajectories,  analyzed  by  Feu  [1988),  where  P,  H  and  V  refer  to 
data  from  the  Polar  Circle.  Hiakon  Mosby  and  Valdivia,  respectively.  The  dashed  line  A-B 
represents  the  trough  axis  and  associated  front  described  in  the  text.  The  lower  clouds 
appear  gray  compared  to  ihe  white  ice,  snow  surfaces,  and  high  clouds,  while  the  open 
ocean  surface  is  dark. 


awav  from  the  ice  edge.  Thr  frontal  passage  Grease  ice  had  a  particularly  interesting 
was  marked  by  the  formation  of  low  stratus  drag  coefficient.  It  was  less  than  half  the 
clouds  or  fog.  This  type  of  front  can  be  seen  magnitude  of  surrounding  ice-free  ocean  and 

at  the  top  of  Figure  4  as  the  low  stratus  or  only  one-eighth  the  value  of  the  roughest  ice. 

fog  (gray)  moves  over  the  ice  (white).  In  addition,  for  a  given  surface  wind  speed 

A  feature  observed  with  all  these  fronts  was  the  wind  stress  will  vary  by  the  same  Taiios. 
that  >he  surface  pressure  did  not  fall  and  rise  Therefore  the  presence  of  grease  ice.  which 
as  it  usually  does  during  frontal  passages  be-  may  extend  for  tens  of  kilometers  awav  from 
cause  the  front  was  confined  to  the  boundary  the  solid  ice  edge  during  off-wind  conditions, 

laver.  Despite  lack  of  vertical  extent,  even  may  have  a  strong  influence  on  the  boundary 

without  the  development  into  intense  polar  by  suppressing  momentum  and  heat  fluxes, 
lows,  these  fronts  had  a  strong  effect  on  sur¬ 
face  wind,  humidity  and  cloud  conditions. 

An  important  process  in  the  MIZ  is  the  Remote  Sensing 

transfer  of  momentum  (wind  stress)  from  at¬ 
mosphere  to  surface.  This  has  a  strong  influ-  Synthetic  Aperature  Radar  (SAR) 
ence  on  the  dynamics  of  the  lower  atmo¬ 
sphere.  upper  ocean,  and  ice  movement.  The  Favorable  weather  in  the  MIZ  during  the 
wind  speed  is  proportional  to  the  square  of  experiment  permitted  24  SAR  flights,  18  of 

the  surface  wind  speed  and  also  is  a  function  which  were  on  consecutive  davs  This  was  the 

of  surface  roughness  and  vertical  tempera-  first  international  experiment  having  daily 
ture  structure.  The  surface  roughness  effect  SAR  coverage  with  real-time  imagery  down- 
on  wind  stress  is  parameterized  by  a  drag  co-  linked  to  ships  in  the  field.  The  SAR  system, 
efficient.  During  MIZEX  '83  and  MIZEX  '84  with  its  high  resolution  (15  x  15  m).  clarity  of 

the  surface  layer  MIZ  drag  coefficient  was  image,  and  real-time  availability,  proved  to  be 

found  to  depend  on  the  type  and  concentra-  a  powerful  and  efficient  tool  to  aid  in  the 

non  of  sea  ice  [Guest  and  Davidson,  1987).  The  planning  and  execution  of  field  experiments, 

highest  value  drag  coefficients  were  associat-  Figure  5  is  a  representative  mosaic  corn¬ 
ed  with  multiyear  ice  at  the  edge  that  had  re-  posed  of  three  near-parallel  aircraft  passes 
centlv  been  broken  up  by  wave  and  swell  ac-  covering  a  445- x  - 1 95-km  area  of  the  MIZ. 
non.  Lower  drag  coefficients  were  found  over  On  the  X-band  (3  cm)  wavelength  SAR  data, 

the  large  flat  multiyear  floes,  which  were  bright  tones  on  the  image  represent  mul- 

found  within  the  ice  region  away  from  the  tivear  ice.  while  darker  tones  are  various 

edge.  During  MIZEX  87  we  were  able  to  stages  of  young  ice.  The  blackest  signatures 

measure  drag  coefficients  for  newly  formed  on  the  image  are  open  water.  This  image  was 
tvpes  of  ice  such  as  grease,  nilas  and  pancake,  obtained  on  April  3,  when  the  wind  was  calm 


(below  4  m  s'1""1  i  and  the  ice  edge  compact  A 
variety  of  in  situ  measurements  and  obsersal 
lions  supported  the  initial  interpretation  of  I 
the  SAR  data.  These  include  data  from  ice  m 
samples,  drifting  Argos  buovs.  current-meter 
measurements,  wave  riders,  pitch  and  roll  t* 
buovs.  and  ice  flow  accelerometers.  I 

Preliminary  analysis  indicates  the  following 
uses  for  SAR  imagers. 

•  differentiating  between  first-vear  ice.  — 

multiyear  ice.  and  mans  stages  of  voung  ice  I 

•  detecting  surface  expressions  of  eddies  J 
both  in  the  open  ocean  and  within  the  ice 
pack 

•  tracking  ocean  waves  both  outside  and  I 
propagating  about  100  km  into  the  ice  pack  I 

•  showing  internal  wave  features  beneath  ® 
the  ice  pack 

•  mapping  ocean  fronts  _ 

Figure  5  also  shows  an  example  of  an  anall 

ysis  performed  using  sequential  SAR  imag-  I 
erv.  Mission  1 1,  flown  on  April  3.  and  mis¬ 
sion  12,  flown  on  April  4.  were  compared. 


Fig.  5.  A  representative  mosaic  covering 
a  445-x-195-km  area  of  the  MIZ  obtained 
on  April  3.  1987.  On  the  X-band  wave¬ 
length  (3  cm)  SAR  data,  bright  tones  on 
the  image  represent  multiyear  ice.  while 
the  darker  tones  are  various  states  of 
young  ice.  The  blackest  signature  is  open 
water.  (Inset)  Analvsis  performed  by  com¬ 
paring  SAR  imagerv  from  April  3  and  4. 
Ice  kinematics  (solid  vectors)  show  a 
southwest  movement  of  about  10  cm  s"""1 
within  the  pack  ice.  consistent  with  ocean 
circulation  and  prevailing  wind.  Note  the 
relatively  erratic  movement  of  more  dif¬ 
fuse  ire  and  the  Argos  drift  buoys  (dashed 
vectors)  at  the  edge  due  to  eddies. 


Ice  kinematics  (solid  vectors)  show  a  south- 
westward  pack-ice  speed  of  about  It)  cm  smml 
within  the  pack  ice.  consistent  with  the  ocean 
circulation  and  prevailing  winds.  It  is  interest¬ 
ing  to  note,  however,  the  unpredictable 
movement  of  the  more  diffuse  ice  and  the 
Argos  drift  buoys  (dashed  vectors)  at  the 
edge  due  to  ice-ocean  eddies.  Kinematic  anal¬ 
yses  such  as  these  can  provide  information  as 
to  the  surface  velocity  field,  including  the  lo¬ 
cation  of  eddies 

Passive  Microwave  Program 

The  passive  microwave  observations  were 
made  primarily  using  radiometers  mounted 
above  the  wheel  house  on  the  Polar  Circle. 
Measurements  were  made  at  frequencies  of  6, 
10,  18.  37  and  90  GHz  at  a  nadir  angle  of 
50°.  alternating  between  vertical  and  horizon¬ 
tal  polarization.  During  a  4-dav  period,  when 
the  ship  was  within  the  ice  pack  in  the  East 
Greenland  Current,  observations  were  also 
carried  out  on  the  ice  using  sled-mounted  ra¬ 
diometers  located  about  1.5  m  above  the  sur¬ 
face.  Both  traverses  and  scans  over  nadir  an¬ 
gle  were  carried  out  during  this  time. 

This  effort  was  closely  coordinated  with  the 
ice  surface  property  and  near-surface  radar 
measurements.  Data  pertinent  to  the  micro- 
wave  signatures  included  vertical  profiles  of 
temperature,  density,  salinity  ,  and  brine  vol¬ 
ume  both  in  the  snow  and  in  the  upper  50 
cm  of  the  ice.  with  special  attention  to  the 
snow-ice  interface. 

It  was  possible  to  characterize  emissivity 
spectra  for  a  range  of  ice  tvpes  near  the  ice 
edge  in  the  Greenland  and  Barents  seas. 
Spectral  tvpes  were  compared  to  observations 
from  previous  experiments,  for  example,  for 
open  water,  grease  ice  and  voung  ice  tvpes  of 
various  thicknesses,  first-vear  (FY)  ice  and 
multivear  (MY)  ice  (Figure  6).  Two  unexpect¬ 


ed  spectral  tvpes  occurred  frequently  enough 
to  be  important  for  satellite  determinations  of 
ice-surface  ty  pe.  The  first  was  observed  dur¬ 
ing  a  traverse  of  the  Odden  at  about  76°20'N 
and  2°W.  The  ice  consisted  of  a  mixture  of 
thin  pancake  ice  with  a  light  snow  cover  and 
grease  ice.  For  this  case,  the  emissivitv  rose 
from  about  0.7  to  10  GHz  to  a  maximum  of 
about  0.94  at  37  GHz;  at  90  GHz  it  dropped 
back  to  0.86.  This  spectral  ty  pe  was  observed 
rather  frequently  and  suggests  ( Comtso  et  al.. 
1988)  that  90  GHz  should  improve  considera¬ 
bly  our  ability  to  distinguish  among  voung  ice 
types  with  the  SSM/I  frequency  set. 

The  second  unusual  spectral  type  was  ob¬ 
served  for  multivear  floes.  In  these  cases,  the 
spectrum  showed  emissivities  above  0.85  at  ail 
frequencies  and  appeared  indistinguishable, 
within  the  limits  of  observational  uncertainty, 
from  that  of  thick  first-vear  ice.  It  appears 
that  this  was  caused  bv  infiltration  of  seawa¬ 
ter  at  the  base  of  the  snow  layer  as  a  result  of 
the  very  heavy  snow  load  on  the  old  ice.  to¬ 
gether  with  persistent  lipping  of  the  floes  by 
ocean  swell,  which  penetrated  more  than  10 
km  into  the  pack.  As  a  result,  brine  volume  at 
the  snow-ice  interface  and  in  the  snow  itself 
was  considerably  enhanced  This  effect  may 
be  of  major  importance  in  explaining  the  dis¬ 
crepancy  in  this  region  between  the  low  mul¬ 
tiyear  ice  fraction  derived  from  SMMR  and 
the  high  concentrations  recent  submarine 
profiles  ( Wadham .  1980)  and  confirmed  bv 
surface  observations  during  MIZEX  '83  and 
'84. 

Physical  Properties  of  Snow  and  Ice 

The  physical  properties  program  was  close¬ 
ly  coordinated  with  passive  and  active  micro- 
wave  studies.  As  was  our  experience  in  MI¬ 
ZEX  '84.  ice  in  Fram  Strait  was  predominant¬ 
ly  multivear.  with  some  thin  (rarelv  thicker 


than  1  m)  first-vear  ice  The  Barents  Sea  ice 
cover  was  composed  almost  exclusively  ol 
first-vear  ice  that  appeared  to  have  originated 
from  consolidation  and  subsequent  ratting  of 
pancake  ice.  The  outlines  of  individual  pan¬ 
cakes  were  readily  discernible  in  many  large 
floes. 

Detailed  physical  descriptions  of  the  snow 
and  ice  cover  were  made  at  29  individual 
floes.  These  descriptions  had  three  compo¬ 
nents:  a  snow -thickness  survey  ,  an  examina¬ 
tion  of  the  snow-pack  stratigraphy .  and  an 
analysis  of  sea-ice  structure  and  related  prop¬ 
erties.  The  snow  survey  typically  consisted  of 
25  or  more  measurements  of  snow  depth 
made  on  a  rectangular  grid  on  the  floe 
Snow-survey  data  were  used  to  investigate 
small-scale  variability  of  snow  thickness  and 
to  compute  mean  snow  thickness  for  the  floe. 
Snow-pack  stratigraphy  was  examined  bv  ex¬ 
cavating  a  snow  pit  and  measuring  vertical 
profiles  of  snow  temperature,  water  content, 
conductivity  ,  density,  and  crystal  size  and 
type.  The  ice  structure  was  analyzed  bv  tak¬ 
ing  at  least  one  80-mm-diameter  ice  core 
through  the  entire  thickness  of  each  floe.  A 
portion  of  the  core  was  used  to  measure  ver¬ 
tical  profiles  of  ice  temperature,  salinity  ,  and 
density,  from  which  profiles  of  brine  volume 
and  porosity  were  computed.  Significant 
stratigraphic  features,  such  as  growth  band¬ 
ing  and  sediment  la  vers,  were  documented. 
Vertical  thin  sections  were  examined  under 
cross  polaroids  to  determine  crystal  tvpe  and 
size.  A  number  of  horizontal  thick  sections 
were  prepared  for  later,  more  detailed  petro¬ 
graphic  analyses. 

Of  the  29  floes  studied.  16  were  multivear 
and  the  remainder  were  first-vear.  Ice  thick¬ 
ness  ranged  from  0.2  to  1.7  m  for  first-vear 
ice  and  from  0.8  to  4.1  m  for  multivear  ice. 
Snow  thicknesses  varied  from  as  little  as  0.0 1 
m  on  thin  first-vear  ice  to  more  than  1 .2  m 
on  deformed  multiyear  ice.  As  was  the  case 
during  the  MIZEX  -84  operations,  snow 
thicknesses  were  found  to  be  significantly 
greater  on  multiyear  than  on  first-vear  floes, 
with  a  mean  snow  thickness  of  0.47  m  for 
multiyear  floes  and  0. 1 1  m  for  first-vear 
floes. 

The  textural  composition  of  first-vear  and 
multivear  floes  was  similar.  In  both  cases,  the 
ice  was  predominantly  columnar  with  granu¬ 
lar  ice  comprising  onlv  about  20%  of  total 
core  length.  Only  three  of  the  29  cores  con¬ 
sisted  of  more  than  50%  granular  ice.  The  ice 
composition  was  comparable  to  that  observed 
in  the  Fram  Strait  during  MIZEX  '84  (Figure 
7). 

As  expected,  first-year  ice  was  saltier  than 
multiyear  ice,  with  first-year  floes  having  a 
bulk  salinity  (7.7%>)  3  umes  greater  than  mul 
tiyear  Roes  (2.5%«).  However,  a  surprising 
finding  was  that  five  of  the  16  multiyear  floes 
had  profiles  in  the  upper  half  meter  that  ex¬ 
hibited  first-year  signatures  with  salinities  as 
high  as  9%c  (Figure  7).  Below  0.5  m,  salinities 
were  comparable  to  standard  multiyear  val¬ 
ues.  In  these  five  cases,  the  floes  were  small 
(less  than  30  m  across)  and  so  encumbered  by 
a  thick  snowcover  that  their  freeboards  were 
near  zero.  We  believe  that  this  resulted  in 
flooding  of  the  ice  surface  and  overlying 
snow  by  seawater.  This  similarity  in  near-sur¬ 
face  salinity  profiles  of  first-year  and  flooded 
multiyear  floes  could  significantly  complicate 
efforts  to  distinguish  between  first-year  and 
multiyear  ice  using  passive  and  active  micro- 
wave  data. 


Biology 

It  is  well  known  that  the  MIZs  are  areas  of 
intense  biological  activity  associated  with 
physical  processes  along  the  ice  edge  such  as 
upwelling  and  mesoscale  eddies.  The  summer 
investigations  in  1983  and  1984  [SmiM  el  al., 
1987]  were  continued  by  a  similar  biological 
program  in  MIZEX  '87. 

Phytoplankton 

Phytoplankton  biomass  and  photosynthetic 
response  were  measured;  they  showed  aver¬ 
age  surface  chlorophyll-a  concentrations  of 
0.022  Mg  L™"1.  These  extremely  low  concen¬ 
trations  indicate  that  phytoplankton  growth 
had  not  proceeded  to  any  significant  extent 
by  March-April,  the  time  of  the  study.  Maxi¬ 
mum  incident  photosynthetically  active  radia¬ 
tion  (PAR)  from  March  28  through  April  3 
was  low.  averaging  44  ^Einstein  mm,“  j™"1. 
Because  the  solar  angle  was  extreme,  about 
44%  of  the  incident  radiation  was  reflected  at 
the  sea  surface;  the  percentage  varied 
through  the  day.  Oav  length  (as  defined  by 
the  period  during  which  PAR  levels  of  more 
than  1 .0  M^in  m'"1"2  s™nl  could  be  detected) 
was  about  1 7  hours. 

The  photosvnthetic  response  suggested  an 
extremely  shade-adapted  population  (Figure 
8).  with  an  alpha  value  of  0.049  Mg  C  (Mg 
chlorophyll)™"1  (pEin  m™"2  and  a  beta 

value  of  0.030  Mg  C  (Mg  chlorophyll)™’"1 
(pEin  m™"2  s™"1)™"1.  The  alpha  value  is  the 
slope  of  the  light-limited  part  of  the  photo¬ 
synthetic  response;  the  beta  value  is  an  index 
of  photoinhibition.  The  assimilation  number 
for  this  station  was  2.78  Mg  C  (Mg  chlorophyll- 
)™"'  h“"‘.  These  values  are  consistent  with 
low  PAR  values  observed  during  the  study 
and  the  recent  onset  of  light.  Little  depth 
variation  was  noted  in  either  phytoplankton 
biomass  or  photosynthetic  parameters  within 
each  station,  which  suggests  deep  vertical 
mixing  and  no  significant  biological  stratifica¬ 
tion. 


Primary  productivity  was  calculated  bv 
combining  light  data  and  attenuation  with  a 
knowledge  of  phytoplankton  biomass  and 
photosvnthetic  responses.  Productivity  was 
extremely  low.  generally  less  than  10  mg  C  m2 
d™Bl,  more  than  two  orders  of  magnitude 
lower  than  observed  during  summer  at  the 
same  location.  It  is  clear  that  photoshvthesis 
at  the  stations  occupied  during  MIZEX  '87 
was  light-limited  as  a  result  not  only  of  low 
incident  irradiance  but  also  deep  vertical  mix¬ 
ing.  It  remains  uncertain  when  the  onset  of 
rapid  growth  and  accumulation  of  phyto¬ 
plankton  occurs  in  this  high  Arctic  MIZ. 

Zooplankton 

Because  the  period  conducive  to  primary 
and  secondary  production  is  greatly  restricted 
in  high  latitudes,  organisms  can  be  expected 
to  have  adaptations  fostering  maximum  pro¬ 
duction  during  favorable  periods.  To  date, 
much  research  attention  has  been  directed  to¬ 
ward  the  metabolic  changes  observable  in 
crustacean  plankton  at  the  end  of  the  brief 
productive  season  when  an  overwintering  or 
diapause  physiology  becomes  evident. 

Much  less  attention  has  been  given  to  adap¬ 
tations  in  the  life  cycles  of  boreal-arctic  crus¬ 
taceans  that  are  associated  with  onset  of  the 
productive  season.  However,  it  is  likely  that 
conditions  prevailing  very  early  in  the  pro¬ 
ductive  season  determine  reproductive  per¬ 
formance.  hatching  success,  and  naupliar 
growth.  Therefore  conditions  early  in  the 
season  and  the  ability  of  copepods  to  deal 
with  them  control  the  secondary  production 
of  a  complete  annual  cycle,  since  most  of  the 
larger  copepods  in  high  latitudes  reproduce 
no  more  than  once  a  year. 

The  MIZEX  '87  experiment  offered  the 
opportunity  to  measure  feeding  and  repro¬ 
ductive  performance  of  dominant  herbivo¬ 
rous  copepods  before  any  substantial  increase 
in  abundance  of  phytoplankton.  Reproduc- 
tively  active  Calanus  hyperboreus  and  Calanus 
glaaahs  were  captured  in  the  upper  100  m. 
There  was  no  evidence  of  a  phytoplankton 
bloom;  chlorophyll-a  concentrations  were 
uniformly  low,  less  than  0. 1  mg  m™"3,  and 
nitrate  concentrations  were  uniformly  high, 
greater  than  1 1.3  mg  m™"3. 

Gut-fullness  measurements  indicated  that 
females  were  ingesting  less  than  1  %  of  their 
bodily  carbon  daily,  probably  just  sufficient 
for  metabolic  demands.  The  maturation  state 
of  the  gonads  of  both  C.  hyperboreus  and  C. 
glaeialis  indicated  that  75%  of  the  females 
were  in  a  ripe  condition  consistent  with  ob¬ 
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Fig.  8.  Photosvnthetic  response  of  the 
surface  phytoplankton  population  from 
Station  1 14.  The  solid  line  represents  the 
predicted  curve  for  the  observations 
(squares). 

served  egg  laving  The  lipid  content  of  fe¬ 
males  laving  eggs  was  reduced  in  both  species 
compared  to  the  lipid  content  ot  temales  not 
laving  eggs.  In  C  hyperboreus  the  reduction 
was  39%  and  in  C  glactahs  it  was  44% 

All  evidence  suggests  that  both  C  hyperbor¬ 
eus  and  C.  glaaahs  were  laving  eggs  in  late 
winter  bv  using  lipids  stored  previoush  and 
were  not  reiving  on  ambient  concentration  of 
phytoplankton.  The  dailv  rate  of  egg  laving 
bv  C  glaaahs  using  lipids  in  late  winter  ex¬ 
ceeded  the  dailv  rate  reported  for  summer 
conditions  when  ambient  food  supplies  have 
been  shown  to  be  necessary  It  is  suggested 
that  these  individuals,  spawned  well  in  ad¬ 
vance  of  the  spring  bloom  of  phytoplankton, 
form  a  major  part  of  the  annual  recruitment 
to  the  entire  population  of  C  glaaahs  in  this 
area  and  that  their  life  cvcle  can  be  complet¬ 
ed  easily  within  one  vear. 

Neither  Metndia  tonga  nor  Calanus  pnmar- 
chuus  laid  eggs  during  this  studs  (S  L.  Smith, 
unpublished  manuscript.  19881  To  evaluate 
the  possibility  that  most  of  the  population  of 
herbivorous  copepods  was  not  vet  in  the  up¬ 
per  laver  in  late  March  and  earls  April,  strati¬ 
fied  net  hauls  covering  the  upper  1 500  m 
were  conducted  at  several  locations. 

Note 

MIZEX  data,  research  reports  and  journal 
articles  are  being  filed  in  the  National  Snow 
and  Ice  Data  Center  (NSIDC).  University  of 
Colorado.  Campus  Box  449.  Boulder.  CO. 
tel.  303-492-5171.  The  MIZEX  holdings  in¬ 
dex.  available  from  NSIDC.  is  also  posted 
and  updated  quarterly  on  the  OMNET  Tele- 
mai)  MIZEX  Bulletin  Board. 
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REMOTE  SENSING  OF  THE  MARGINAL  ICE  ZONE  DL  RING  MIZEX  83 


Mizex  Remote  Sensing  Group* 


A8STRACT 

The  remote  sensing  techniques  utilized  in  the 
Marginal  Ice  Zone  Experiment  (MIZEX)  1983  to 
study  both  the  physical  characteristics  and  geo¬ 
physical  processes  of  the  Fram  Strait  Region  of 
the  Greenland  Sea  are  described.  The  studies, 
Mhich  utilized  satellites,  aircraft,  helicopters, 
and  ship-  and  ground-based  remote  sensors,  fo¬ 
cused  on  the  use  of  microwave  remote  sensors 
since  they  permit  observation  of  ocean  and  ice 
surfaces  through  clouds,  rain  and  snow  which  fre¬ 
quently  occur  in  the  marginal  ice  zone.  Prelim¬ 
inary  MIZEX  '83  results  indicate  that  remote  sen¬ 
sors  can  provide  marginal  ice  zone  characteris¬ 
tics  which  include  ice  edge  and  ice  boundary  lo¬ 
cations,  ice  types  and  concentration,  ice  defor¬ 
mation,  ice  kinematics,  gravity  waves  and  swell 
(in  both  the  water  and  the  ice),  location  of  in¬ 
ternal  wave  fields,  location  of  eddies  and  cur¬ 
rent  boundaries,  surface  currents  and  sea  surface 
winds. 

Keywords:  Remote  Sensing,  Marginal  Ice  Zone, 
Microwave  Sensors,  Synoptic  Coverage,  Eddy  Forma¬ 
tion,  Ice  Kinematics,  Concentration,  Ice  Type 


1.  INTRODUCTION 

The  Marginal  Ice  Zone  (MIZ)  is  the  region  of  the 
outermost  extent  of  the  Polar  Ice  Field.  In  the 
MIZ,  strong  interactions  between  the  atmosphere, 
sea  ice,  and  ocean  occur.  Current  scientific 
interest  in  the  Arctic  marginal  ice  zone  results 
from  the  important  influence  this  air-sca-ice 
interaction  has  on  both  local  and  hemispheric 
weather  and  climate.  A  central  problem  to  MIZ 
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studies  is  the  definition  of  those  oceanic  and 
atmospheric  processes  which  determine  the  loca¬ 
tion  of  the  ice  edge,  ice  morphology,  and  defor¬ 
mation  within  the  marginal  ice  zone.  Clearly, 
advances  in  the  understanding  of  these  processes 
are  of  practical  as  well  as  scientific  impor¬ 
tance.  The  results  of  such  studies  will  lead  to 
more  accurate  short-range  forecasts  of  sea  ice 
movements  which  will  contribute  toward  resource 
management,  exploration,  and  exploitation.  For 
these  reasons,  an  internationally  coordinated 
deep-water  Marginal  Ice  Zone  experiment  in  the 
Fram  Strait  Region  of  the  Greenland  Sea  has  been 
organized  for  the  purpose  of  studying  mesoscale 
air-ice-ocean  interactions  in  the  Arctic  MIZ 
(Refs.  1,  2).  This  experiment,  begun  in  the 
summer  of  1983,  will  offer  a  comprehensive  array 
of  coordinated  mesoscale  ocean,  ice,  and  atmo¬ 
spheric  measurements  involving  icebreakers, 
oceanographic  vessels,  ice  and  ocean  buoys,  re¬ 
mote  sensing  aircraft  and  spacecraft. 

Several  of  the  phenomena  to  be  studied  in  the  MIZ 
have  distinct  surface  signatures  that  can  be  ob¬ 
served  by  active  and  passive  remote  sensors. 

These  include  ice  edge  position,  ice  concentra¬ 
tion,  ice  types,  ice  floe  dimensions,  ice  rough¬ 
ness,  ice  kinematics,  oceanic  fronts,  eddies  and 
upwelling  areas,  and  surface  and  internal  waves 
both  in  the  open  ocean  and  when  these  gravity 
waves  interact  with  the  ice.  Remote  sensing  is 
the  only  way  to  obtain  mesoscale,  synoptic,  cov¬ 
erage  of  these  phenomena  at  sufficiently  high 
spatial  resolution  to  provide  useful  information 
on  ice,  ocean  and  atmospheric  parameters  in  the 
MIZ.  The  remote  sensing  data  therefore  can  be 
used  to  not  only  identify  the  ice  and  ocean  char¬ 
acteristics  of  the  MIZ,  but  to  also  better  under¬ 
stand  the  physical  processes  that  control  the 
MIZ.  The  focus  of  the  MIZEX  remote  sensing  stud¬ 
ies  is  on  the  use  of  microwave  sensors  since  they 
permit  observation  of  ocean  and  ice  surfaces 
through  clouds,  rain,  and  snow  which  frequently 
occur  in  this  region  of  the  world. 

In  spite  of  much  research  conducted  with  respect 
to  microwave  detection  of  sea  ice  during  the  last 
decade,  i.e.,  BESEX  (Ref.  3),  AI0JEX  (Ref.  4), 
and  NORSEX  (Ref.  S),  very  little  work  has  been 
done  during  the  simmier  season.  Many  ambiguity 
problems  are  known  to  exist  in  this  season  due 
to  snow  melt  and  continual  freezing  and  refreez¬ 
ing  of  ice  surfaces.  For  example,  passive  micro- 
wave  techniques  yield  good  estimates  of  ice  con¬ 
centration  when  the  ice  is  frozen  (Ref.  6),  but 
it  is  uncertain  how  well  this  technique  will  work 
for  wet  ice.  Another  example  is  the  imaging 
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radar  observations.  This  technique  presently 
provides  information  about  the  ice  edge  and  its 
structure,  as  well  as  surface  and  internal  waves 
in  the  ocean.  However,  we  have  not  yet  shown  how 
useful  the  SAR  is  for  estimating  ice  concentra¬ 
tion  and  floe  size  distribution  during  summer 
and  for  locating  fronts  and  eddies  in  the  open 
ocean  off  the  ice  edge. 

The  purpose  of  this  paper  is  to  describe  the 
remote  sensing  techniques  utilized  in  MI2EX  '83 
to  study  both  the  physical  character  and  the  geo¬ 
physical  n’-ocesses  of  tue  MiZ.  Presented  in  this 
paper  is  a  background  section  that  discusses  the 
remote  sensing  systems  utilized  in  MIZEX  '83,  as 
well  as  the  integrated  measurement  plan  for  air¬ 
craft,  helicopter,  and  situ  surface-based  mea¬ 
surements.  The  background  section  is  followed 
by  a  discussion  on  the  preliminary  results  of  the 
remote  sensing  analysis  of  the  MIZEX  '83  data  and 
a  summary  and  recommendations  section. 

2.  BACKGROUND 

The  study  of  the  microwave  remote  sensing  of  sea 
ice  and  oceans  was  initiated  by  NASA  in  the  late 
1960's  with  the  objective  of  discovering  an  all- 
weather  and  day-or-night  means  of  observing  the 
oceans  and  polar  sea  ice  canopies.  Since  that 
time,  a  series  of  international  sea  ice  remote 
sensing  experiments  have  been  conducted  that  have 
improved  the  understanding  of  the  microwave  prop¬ 
erties  of  sea  ice  and  oceans:  AIDJEX  (Arctic  Ice 
Dynamics  Joint  Experiment)  Pilot  Experiment,  1971 
and  1972;  Joint  U.S.S.R.  Bering  Sea  Experiment, 
1973:  AIOJEX  Main  Experiment.  1975-76;  Norwegian 
Remote  Sensing  Experiments  (NORSEX),  1978  and 
1979;  Bering  Sea  MIZEX,  1983.  This  microwave 
research  has,  for  example,  enabled  investigators 
to  utilize  Nimbus-5  ESMR  and  Nimbus-7  SMMR  satel¬ 
lite  observations  to  obtain  the  first  synoptic 
views  of  the  entire  Arctic  and  Antarctic  sea  ice 
covers  and  to  derive  spatial  and  temporal  varia¬ 
tions  of  sea  ice  parameters  (Refs.  7-11).  During 
the  last  decade  an  intensive  effort  has  been  made 
to  improve  the  accuracies  in  the  measurement  of 
these  ice  parameters.  The  above-mentioned  exper¬ 
iments  nave  also  enabled  researchers  to  utilize 
the  Seasat  Synthetic  Aperture  Radar  (SAR)  to 
obtain  ice  type,  kinematic,  and  concentration 
information  of  summer  ice  in  the  Arctic 
(Refs.  12,  13). 

For  MIZEX  there  are  two  specific  objectives  of 
the  remote  sensing  program: 

1.  Remote  sensing  as  a  tool  ■—  to  provide  base¬ 
line  information  on  various  ocean  and  ice 
characteristics  required  by  MIZEX  investi¬ 
gators,  e.g.,  ice  edge  position,  ice-ocean 
eddy  location,  positions  of  large  leads  and 
polynyas. 

2.  Remote  sensing  as  a  science  —  to  improve  our 
knowledge  of  the  microwave  signatures  of  dif¬ 
ferent  geophysical  parameters  of  the  MIZ  in 
summer.  This  will  comprise  the  following 
elements: 

a.  To  develop  improved  algorithms  for  ex¬ 
tracting  geophysical  ocean  and  ice  param¬ 
eters  from  aircraft  and  spacecraft  (where 
available)  remote  sensing  observations. 
This  requires  an  extensive  surface-based 
microwave  program  to  relate  scattering 


and  emission  characteristics  to  sensor 
frequency,  ice  type,  and  physical  ice 
properties  (surface  roughness,  snow 
cover,  dielectric  characteristics,  tem¬ 
perature,  salinity,  crystal  size). 

b.  To  determine  whether  certain  ice  param¬ 
eters  such  as  ice  concentration,  ice  type 
and  ice  roughness  can  be  reliably  ex¬ 
tracted  from  the  outputs  of  a  combination 
of  active  and  passive  microwave  sensors, 
especially  for  the  MIZ  in  summer. 

c.  To  develop  new  applications  of  remote 
sensors  in  this  zone,  such  as  the  detec¬ 
tion  of  gravity  waves  as  they  propagate 
into  the  ice  and  the  evolution  of  melt 
ponds . 

d.  To  develop  models  that  adequately  explain 
and  predict  remotely-sensed  electromag¬ 
netic  radiation  signatures  of  both  ice 
and  ocean  features. 

Remote  sensors  have  proven  the  ability  to  detect 
these  geophysical  parameters;  however,  to  deter¬ 
mine  the  ultimate  accuracy  with  which  they  can 
do  so  is  a  prime  objective  of  MIZEX. 

Both  active  and  passive,  microwave  and  visible 
remote  sensing  systems  were  utilized  during 
MIZEX  '83.  The  sensors  included:  imaging  radar 
(both  SAR  and  SLAR),  microwave  scatterometers, 
visible,  infrared,  and  microwave  radiometers, 
AXBTs,  aerial  photography,  CODAR,  and  dielectric 
constant  measuring  devices.  Detailed  descrip¬ 
tions  of  these  sensors  are  presented  in  this 
session  of  IGARSS  ’84  by  other  MIZ  investigators. 
These  sensors  are  used  either  alone  or  in  combi¬ 
nation  and  have  shown  the  ability  to  provide  in¬ 
formation  on  the  major  geophysical  parameters  of 
both  the  ocean  and  sea  ice. 

Table  1  lists  the  satellite,  aircraft,  helicop¬ 
ter,  and  surface-based  remote  sensing  instrumen¬ 
tation  utilized  in  MIZEX  '83.  Also  included  on 
the  table  is  the  frequency  of  the  remote  sensing 
instrument  along  with  the  MIZ  characteristic  it 
directly  or  indirectly  measures.  The  MIZ  charac¬ 
teristics,  as  previously  mentioned,  include  ice 
edge  position,  ice  types  and  concentration,  ice 
deformation,  ice  kinematics,  gravity  waves  and 
swell  both  in  the  water  and  the  ice,  location  of 
internal  wave  fields,  location  of  eddies  and 
current  boundaries,  surface  currents,  and  sea 
surface  winds.  Table  2  summarizes  the  present 
status  of  algorithms  that  utilize  remote  sensor 
data  to  extract  ice  and  ocean  parameters  such  as 
those  mentioned  above.  This  table  shows  which 
sensor  has  a  demonstrated  or  potential  capability 
to  observe  each  phenomenon. 

The  satellite  systems  which  proved  most  useful 
during  MIZEX  '83  were  the  NOAA  AVHRR  imagery  with 
its  1  km  resolution  and  the  microwave  SMMR  data 
from  Nimbus-7.  The  NOAA  visible  and  IR  data 
coverage  was  dependent  on  cloud  cover,  while  the 
passive  microwave  data  with  its  25  km  resolution 
was  collected  on  alternate  days  regardless  of 
weather  conditions. 

The  aircraft  listed  on  the  table  were  utilized 
in  two  types  of  flight  plans:  high-altitude  with 
imaging  radars  and  scanning  passive  microwave 
sensors  to  acquire  the  mesoscale  sequential 
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synoptic  images  of  the  entire  MIZEX  test  area, 
and  low-altitude  with  active  and  passive  micro- 
wave  instruments  to  acquire  high-resolution 
transect  data  in  selected  locations  within  the 
test  area.  Thus,  two  types  of  remote  sensing 
products  were  generated:  composite  mosaic  maps 
of  the  entire  test  area  and  transect  images  and 
profiles.  The  active  and  passive  microwave  in¬ 
strumented  aircraft  were  flown  coincidently  for 
tne  purpose  of  sensor  performance  comparison  and 
validation. 

In  order  to  validate  the  satellite  and  aircraft 
remote  sensors,  mul tispectral  microwave  measure¬ 
ments  were  made  by  helicopter,  ship,  and  surface- 
based  sensors.  Measurements  included  brightness 
temperature,  radar  backscatter  cross  sections, 
and  dielectric  properties  for  water  and  various 
types  of  ice  during  different  weather  conditions. 
Two  teams  took  part  in  the  ship-based  measure¬ 
ments.  One  measurement  group  was  located  on  the 
ice  drifting  ship,  Polarbjorn.  Their  task  was 
to  concentrate  on  detailed  temporal  studies  of 
selected  ice  types.  A  second  group  was  placed 
on  an  ice  edge  ship,  Polarstern.  Their  task  was 
to  study  different  ice  types  as  the  ship  made 
transects  into  the  ice.  Helicopter-borne  instru¬ 
ments  linked  both  mesoscale  programs  and  provided 
high  mobility  to  study  ice  conditions  within  the 
experimental  region. 

Surface-based  measurements  were  made  of  physical- 
electrical  properties  of  various  ice  and  snow 
types  present  at  the  active-passive  measurement 
test  sites  to  help  in  understanding  the  microwave 
interaction  processes  involved.  Physical  prop¬ 
erty  information  acquired  included  small-scale 
surface  roughness,  snow  wetness,  grain  size, 
salinity  distribution,  temperature,  snow  thick¬ 
ness,  ice  thickness,  and  scatterers  in  the  ice. 
Dielectric  measurements  were  made  to  describe 
various  ice  types  at  X-L-C  bands  and  13.7  GHz. 
Scenes  of  special  interest  included  surfaces 
which  had  melted  and  refrozen,  ice  ridges,  multi¬ 
year,  first-year  and  thin  ice  of  various  thick¬ 
nesses,  and  melt  ponds  and  open  water  under  calm 
and  windy  conditions. 

3.  PRELIMINARY  RESULTS 

Remote  sensing  imagery  obtained  during  MIZEX  '83 
from  both  aircraft  and  satellite  sensors  provided 
synoptic  information  on  ice  location,  ice  edge 
features,  and  the  regimes  of  ice  conditions 
within  the  MIZ.  Scanning  Multichannel  Microwave 
Radiometer  (SMMR)  and  Advanced  Very  High  Resolu¬ 
tion  Radiometer  (AVHRR)  images  from  satellite 
(see  Figures  1  and  2)  show  the  general  location 
of  the  ice  edge  and  ice  edge  features  in  the  en¬ 
tire  Greenland  Sea.  This  imagery  is  invaluable 
for  monitoring  the  temporal  evolution  of  the  MIZ 
and  providing  a  synoptic  context  for  phenomena 
observed  in  the  field.  The  AVHRR  data  were  also 
useful  in  determining  meteorological  conditions 
over  the  experiment  area  as  well  as  discriminat¬ 
ing  large  ice  floes  (i.e.,  5  km  or  larger).  Ex¬ 
tensive  studies  of  the  MIZ  using  these  two  satel¬ 
lite  sensors  are  reported  as  companion  papers  in 
this  Marginal  Ice  Zone  Session  of  IGARSS  '84. 

Passive  microwave  and  radar  imagery  from  aircraft 
sensors  also  provide  a  synoptic  view,  but  on  the 
100-200  km  scale  of  the  experiment  itself.  By 
collecting  this  Imagery  over  a  period  of  days, 
it  is  possible  to  also  monitor  temporal  changes 


and  increase  the  spatial  extent  of  ice  edge  ob¬ 
servations.  High  resolution  Synthetic  Aperture 
Radar  (SAR)  (i.e.,  3  m  x  3  m  resolution)  can  give 
ice  edge  and  feature  location  to  within  1  km, 
which  is  sufficient  for  ships  to  subsequently 
locate  and  investigate  a  given  feature.  Again, 
the  reader  is  referred  to  other  papers  in  this 
IGARSS  '84  Marginal  Ice  Zone  Session  for  details 
on  the  SAR  and  passive  microwave  aircraft 
systems. 

In  addition  to  the  general  character  of  the  MIZ, 
satellite,  aircraft,  and  surface  remote  sensing 
data  from  MIZEX  '83  have  collectively  produced 
significant  information  on  MIZ  processes  and  geo¬ 
physical  parameters  under  summer  conditions. 
Preliminary  results  are  available  from  studies 
of  eddy  formation  at  the  ice  edge,  propagation 
of  gravity  waves  into  the  ice,  ice  kinematics, 
ice  concentration,  and  ice  type  discrimination. 

AVHRR  imagery,  similar  to  that  shown  in  Figure  2, 
has  served  as  a  context  for  observations  of 
oceanic  eddies  made  during  MIZEX  '83.  The  AVHRR 
image  used  is  a  combination  of  a  visible  light 
image  (c.f.  Figure  2),  which  shows  the  sea  ice, 
and  an  infrared  image  which  shows  sea  surface 
temperatures.  Surface  patterns  on  the  image  in¬ 
dicate  the  presence  of  edge  eddies  over  the 
Molloy  Deep,  a  topographic<feature  (depression) 
at  approximately  79  15 ' N  0*E,  as  well  as  the  ice 
drift  and  ice  edge  deformation  due  to  combined 
effects  of  waves  and  eddies.  Eddies  in  this  area 
have  been  observed  previously  (Refs.  14,  15)  and 
appear  to  be  topographically  controlled  and  baro- 
clinic  in  nature.  Evidence  in  the  image  of  shear 
instability  waves  breaking  at  the  eddy  boundary 
indicates  that  the  eddy  circulation  is  counter¬ 
clockwise,  in  agreement  with  conservation  of 
angular  momentum  when  a  water  column  is  stretched 
vertically  when  moving  over  the  Molloy  Deep. 

The  eddy  feature  is  further  confirmed  by  the 
temperature,  salinity  and  density  fields  obtained 
from  ship  and  AXBT  observations.  The  current 
calculated  from  the  ship  density  field  data  gives 
further  confirmation  of  the  presence  of  a  coun¬ 
terclockwise  circulations  with  velocities  on  the 
order  of  25  cm/s.  This  eddy  feature  was  also 
observed  on  the  SAR  image  as  an  area  of  reduced 
backscatter.  The  remote  sensing  data  from  both 
satellite  and  aircraft  complements  the  ship  data 
by  showing  the  extent  and  surface  shape  of  the 
eddy. 

The  SAR  image  obtained  on  July  6,  1983  (Figure 
3)  shows  distortions  of  the  ice  field  by  nearby 
eddies.  Such  ice  edge  features  were  also  de¬ 
tected  in  SAR  imagery  collected  during  NORSEX 
(Ref.  5).  The  convoluted  ice  edge  results  from 
eddies  of  scales  ranging  from  5  to  20  km  in  diam¬ 
eter.  The  ice  edge  shape  implies  that  the  eddy 
circulation  is  counterclockwise.  The  ice  edge 
responds  both  dynamically  and  thermodynamically 
to  the  presence  of  eddies.  Regions  within  the 
eddies  where  the  water  flows  towards  the  ice  edge 
from  the  open  ocean  have  well-defined  ice  edges, 
while  outflow  regions  are  characterized  by  dif¬ 
fuse  ice  boundaries.  The  warming  water  flowing 
in  under  the  ice  causes  rapid  melting,  and  fur¬ 
ther  cause  ice  edge  distortions  by  making  ice 
disappear.  In  the  outflow  region,  the  cold  melt¬ 
water  insulates  the  ice  from  melting  and  the  ice 
can  be  carried  a  significant  distance  away  from 
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the  pack  over  the  warmer  underlying  water,  giving 
the  diffuse  ice  boundary  shown  in  the  figure. 

The  high  resolution  SAR  images  also  provide  grav¬ 
ity  wave  information.  Gravity  waves  were  suc¬ 
cessfully  observed  on  6  July.  These  waves  had  a 
wavelength  of  100  m  in  the  open  ocean  and  propa¬ 
gated  approximately  3  km  into  the  ice  before  they 
disappeared  in  the  SAR  image.  In  general,  the 
peak  wavelength  increased  as  the  ice  attenuated 
the  wave  energy. 

Ice  kinematics  were  also  studied  during  MIZEX  '83 
using  satellite  located  buoys,  radar  transponders 
deployed  on  ice  floes  and  by  synthetic  aperture 
radar.  The  ERIM/CCRS  SAR  aircraft  produced 
X-band  images  of  the  ice  with  a  sufficiently  high 
resolution  for  individual  ice  features  to  be 
recognized.  Using  SAR  data  collected  approxi¬ 
mately  48  hours  apart  on  4  and  6  July,  a  detailed 
description  of  ice  kinematics  was  derived.  The 
SAR  analysis  indicated  the  ice  had  moved  approxi¬ 
mately  10  km  in  a  generally  NW  direction  during 
the  48-hour  period.  These  results  compare  very 
favorably  with  the  buoy  and  transponder  data. 

Spatial  variations  of  the  ice  within  the  ice  edge 
are  also  portrayed  in  the  remote  sensing  imagery. 
Specifically,  ice  concentration  estimates  were 
obtained  from  passive  microwave  imagery  from  the 
satellite  SMMR  (Figure  1)  and  from  the  NRL  P-3 
aircraft  sensor.  Passive  microwave  techniques 
for  determining  ice  concentration  are  well  es¬ 
tablished  and  are  based  on  the  large  emissivity 
differences  between  open  ocean  and  sea  ice.  The 
MIZEX  '83  analysis  has  shown  that  SAR  also  can 
provide  ice  concentration  information,  in  this 
case  by  exploiting  roughness  differences  between 
sea  ice  and  open  ocean. 

Routine  observations  of  ice  conditions  from  heli¬ 
copter  ano  Polarstern  indicated  three  main 
regimes  of  ice  conditions  within  the  drift  phase 
experimental  area:  a  1-5  km  brash  ice  band  of 
high  concentration  (10/10)  just  within  the  ice 
edge;  a  region  of  extremely  homogeneous  consoli¬ 
dated  ice  with  a  concentration  of  8/10;  and  at 
approximately  40  km  from  the  edge,  an  abrupt 
change  to  a  much  less  homogeneous  region  with 
concentration  of  9/10  containing  vast  floes  (>4 
km) . 

These  regimes  appear  to  correlate  closely  with 
tonal  and  textural  characteristics  of  the  SAR 
image  shown  in  Figure  3.  The  track  of  Polarstern 
through  this  area  is  indicated  on  Figure  3,  as 
are  the  Polarbjorn  (drift  ship)  and  four  Argos 
buoy  positions.  Comparison  of  ice  observations 
made  at  the  stations  with  the  SAR  imagery  indi¬ 
cate  that  in  regions  dominated  by  ice  cakes  and 
small  floes  (<100  m),  which  are  unresolved  by  the 
SAR,  gray  tone  is  closely  related  to  ice  concen¬ 
tration  with  low  concentration  areas  relatively 
dark  and  high  concentration  bright.  Medium  and 
larger  floes  (>100  m)  are  increasingly  resolved 
by  SAR  thus  showing  their  individual  surface  tex¬ 
tures  which  are  to  some  extent  closely  related 
to  the  stage  of  development  of  the  ice  (ice 
type).  Because  of  this  influence  of  individual 
surface  features  on  the  gray  tone  in  areas  of 
larger  floes,  the  overall  gray  tone  is  no  longer 
a  measure  for  ice  concentration.  8ut  as  all 
openings  within  the  ice  (fractures,  leads, 
polynyas)  can  easily  be  distinguished  from  the 
lowest  backscatter  pack  ice,  estimations  of  ice 


concentration  are  still  possible.  Given  the 
synoptic  nature  of  the  SAR  coverage,  these  rela¬ 
tionships  can  be  expended  to  other  parts  of  the 
MIZ  to  obtain  ice  concentration  estimates  where 
no  surface  truth  is  available. 

Active  and  passive  microwave  and  visual  observa¬ 
tions  made  from  surface  platforms  provided  de¬ 
tailed  information  on  ice  type  characteristics 
in  the  summer  MIZ.  In  the  summer,  as  well  as 
during  other  seasons,  it  is  important  to  be  able 
to  identify  open  water,  multi-year  ice  (3  meters 
or  greater  thickness),  thick  first-year  ice  (2 
meters  or  greater  thickness),  thin  first-year  ice 
(less  than  a  1  meter  thickness),  and  floes  that 
have  undergone  considerable  deformation.  The 
marginal  ice  zone  observed  during  MIZEX  '83  was 
characterized  primarily  by  floes  which  were  small 
in  size,  typically  less  than  200  meters  in  diam¬ 
eter,  showed  many  degrees  of  deformation,  and  had 
a  heavy  snow  cover,  except  for  thin  first-year 
ice.  The  microwave  response  was  greatly  influ¬ 
enced  by  summer  melt  because  of  the  significant 
changes  in  physical  and  electrical  properties. 
Flooding  of  the  ice  sheet  with  fresh  water  and 
flushing  the  brine  out  of  the  upper  layers  of  the 
ice  sheet  causes  multi-year  and  thick  first-year 
ice  to  become  physically  and  electrically  very 
similar.  The  well-documented  winter-spring-late 
fall  active/passive  microwave  response  did  not 
extend  into  summer.  Thick  first-year  and  multi¬ 
year  ice  responses  were  very  similar  and  did  not 
show  the  contrast  found  under  cold  conditions. 
Thin  first-year  ice  was  seperable,  especially  at 
longer  wavelengths,  from  the  other  ice  types, 
except  when  covered  by  an  atypical  heavy 
snowpack. 

The  ability  to  discriminate  was  also  dependent 
upon  the  condition  of  the  snowpack.  Snow  becomes 
very  lossy  when  wet,  and  only  a  few  centimeters 
and  a  small  percentage  wetness  are  required  be¬ 
fore  the  response  of  the  snow  dominates.  The 
microwave  response  of  the  ice  is  then  masked,  and 
the  contrast  between  multi-year  and  thick  first- 
year  ice  becomes  significantly  reduced.  Three 
major  scenes  were  found  to  be  discriminatable: 
ice  with  snow,  ice  with  old  snow  (firn)  which  has 
recrystal ized  into  a  dense  material,  and  ice 
without  snow.  Since  first-year  ice  typically  had 
a  thin  layer  of  firn,  it  was  discriminatable  from 
the  other  ice  types  and  this  ability  improved 
with  increasing  wavelength,  such  as  at  25  cm. 

4.  SUMMARY  ANO  RECOMMENDATIONS 

An  ensemble  of  satellite,  aircraft,  helicopter, 
snip,  and  ground-based  remote  sensors  were  util¬ 
ized  in  MIZEX  '83  to  study  the  physical  charac¬ 
teristics  and  geophysical  processes  of  the  FRAM 
Strait  Region  of  the  Greenland  Sea.  To  date,  the 
sensors  that  have  proved  most  useful  for  Marginal 
Ice  Zone  (MIZ)  studies  include  the  NOAA-8  AVHRR 
and  NIMBUS-7  SMMR  satellite  sensors  and  the  ac¬ 
tive  SAR  and  passive  microwave  aircraft  systems. 
The  satellite  systems  provide  synoptic  coverage 
of  the  entire  Greenland  Sea  with  specific  details 
on  the  ice  edge  location,  and  in  the  case  of  SMMR 
additional  information  pertaining  to  ice  type  and 
concentration.  The  higher  resolution  AVHRR  data 
were  useful  in  providing  meteorology  as  well  as 
mapping  out  the  structure  of  ice  edge  features. 

The  aircraft  data  provide  100-200  km  synoptic 
coverage  with  significantly  more  detailed  ice 
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information  than  the  NOAA-8  and  NIMBUS-7  satel¬ 
lites.  The  aircraft  data  have  been  shown  useful 
in  providing  infomation  for  ice  edge  location, 
ice  type  identification,  detection  of  gravity 
waves  in  the  ice,  ice  morphology  as  a  function 
of  distance  from  the  ice  edge,  location  and  area) 
extent  of  melt  ponos,  ice  roughness,  ice  concen¬ 
tration,  ice  temperature,  and  ice  dynamics. 

Ocean  information  that  can  be  provided  by  the 
aircraft  remote  sensors  includes:  ocean  eddy 
and  frontal  mapping,  gravity  wave  measurements, 
synoptic  measurement  of  currents,  sea  surface 
temperature,  and  measurement  of  small-scale 
ocean  surface  roughness. 

The  ship  and  surface-based  measurements  were  ex¬ 
tremely  useful  in  validating  the  satellite  and 
aircraft  data  by  determining  the  physical  basis 
for  features  observed  by  the  remote  sensors,  as 
well  as  determining  optimum  active  and  passive 
microwave  sensor  system  parameters  for  future  Ml 2 
data  collections.  The  focus  of  the  MIZEX  '83 
remote  sensing  was  on  microwave  sensors  because 
they  permit  observation  of  the  M1Z  through 
clouds,  rain,  and  snow  independent  of  solar 
il lumination. 

The  analysis  to  date  has  not  addressed  the  cen¬ 
tral  question  of  the  ultimate  accuracy  with  which 
the  individual  remote  sensors  can  detect  MIZ 
characteristic  nor  has  the  analysis  intercompared 
the  active  and  passive  microwave  aircraft  sensor 
and  aerial  photography.  The  active  and  passive 
microwave  data  have  also  not  been  combined  to 
assess  whether  a  combination  active/passive 
approach  yields  more  detailed  and  accurate  MIZ 
characteristics. 
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Figure  1.  NIMBUS-7  SMMR  Imagery  from  6  July  1983 
portrays  variations  In  lee  concentra¬ 
tion  across  the  experimental  area 
(shown  In  outline)  and  throughout  the 
Fran  Strait  region  of  the  Greenland 
Sea.  Concentrations  at  4  percent  In¬ 
crements  were  derived  from  the  18  6Hz 
channel  of  the  SMMR.  For  orientation, 
Svalbard  lies  at  the  SE  comer  of  the 
experiment  area. 


Figure  2.  Large  floes  In  the  East  Greenland 

current  are  clearly  discerned  In  this 
NOAA-8  AVHRR  visible  Image  obtained 
11  July  1983.  Cloud  cover  over  the 
experimental  area  shown  In  outline  on 
the  Image  Is  representative  of  condi¬ 
tions  during  MIZEX  '83  and  emphasizes 
the  utility  of  microwave  sensors  In 
this  experiment. 
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Figure  3.  lne  SAR  t-band  mosaic  obtained  on 
6  July  1983  Illustrates  the  sharp 
Ice  edge  definition  and  discrimi¬ 
nation  of  regimes  of  different  Ice 
conditions  within  the  MIZ  achieved 
with  SAR  data.  Positions  along 
Polarstem's  6-7  July  transit 
into  the  Ice  are  Indicated  by  o; 
Polarbjom  A  and  4  Argos  buoy  □ , 
positions  on  6  July  at  the  time  of 
the  SAR  overflight  are  also 
indicated. 
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ABSTRACT 

Synthetic  aperture  radar  { SAR)  is  useful  in 
providing  high  resolution  information  on  the  polar 
oceans.  The  information  provided  by  the  SAR 
includes:  ice  edge,  ice  type,  concentration, 
kinematics,  location  of  eddies,  and  detection  of 
icebergs.  Additionally,  the  SAR  can  be  used  to 
detect  gravity  waves  both  in  the  ice  and  open 
ocean  as  well  as  providing  estimates  of  surface 
wind  speeds. 

A  series  of  experiments  involving  multi¬ 
frequency  and  polarization  SAR  aircraft  in  the 
Greenland  Sea  has  provided  a  wealth  of  SAR  sea  ice 
data.  This  data  collected  largely  over  the 
marginal  ice  zone  (MIZ)  from  1983  -  1989  has  been 
used  to  develop  and  test  SAR  polar  ocean 
algorithms.  These  algorithms  will  then  be  used  to 
analyze  SAR  satellite  data  collected  over  the 
polar  regions. 

Keywords:  SAR.  MIZEX.,  SIZEX,  CEAREX,  ocean 
waves,  ice  concentration,  eddies,  ice  edge,  and 
sea  ice. 


1.0  INTRODUCTION 

By  the  turn  of  the  century  large  amounts  of 
synthetic  aperture  radar  (SAR)  Imagery  of  the 
polar  regions  will  be  available.  This  data  will 
come  from  a  series  of  satellites:  European  ERS- 
1,  RADARSAT,  Japanese  ERS-1,  SIR-C/X-SAR,  and  EOS 
(see  Table  1).  SAR  is  an  active  microwave  sensor, 
and  as  such,  permits  observations  of  the  polar 
oceans  and  sea  ice  through  clouds,  rain,  and  snow 
independent  of  solar  Illumination.  An  additional 
attribute  of  SAR  is  its  fine  spatial  resolution 
(3-25  meters).  SAR  utilizes  Doppler  information1 
to  synthesize  its  antenna,  thus  the  azimuth  or 
along  track  resolution  Is  Independent  of  the 
distance  to  the  terrain  being  Imaged.  The  fine 
range  or  cross  track  resolution  Is  typically 
obtained  through  FM  or  chirp  modulation1. 

Also,  currently  being  planned  with  the 
satellite  launches  Is  the  SAR  Alaska  Receiving 
Station  which  will  be  able  to  rapidly  produce  SAR 
images  using  data  from  these  satellites.  These 
high-resolution  Images  will  contain  geophysical 
information  of  value  to  climate  researchers, 
oceanographers,  ship  navigators,  and  offshore 
drilling  platform  operators  which  Include  ice 


concentration  estimates  (the  percentage  of  sea  ice 
to  open  water  within  a  given  area),  ice  floe  size 
distributions,  open  water  lead  locations,  and  ice 
type  classification  maps.  The  SAR  has  also  been 
demonstrated  to  be  useful  to  map  eddies  at  the  ice 
edge,  measure  waves  propagating  into  the  ice  pack, 
and  detecting  icebergs.  The  tremendous  amounts  of 
imagery  which  will  be  produced  suggests  the  need 
for  automatic  and  near  real-time  processing 
algorithms  to  acquire  the  desired  geophysical 
information5. 

In  this  paper  we  will  first  describe  a  series 
of  experiments  in  the  Greenland  Sea  that  utilized 
SAR  to  study  the  polar  oceans.  This  will  be 
followed  by  specific  examples  of  geophysical 
information  extracted  from  the  SAR. 

TABLE  1.  Sumry  of  SAR  Satallita  Syttams  to  ba 
Launchad  in  tht  1991-8000  Time  from* 


RESOLUTION 

FREQUENCY/ 

SUATH 

LAUNCH 

COUKTRY 

ORBIT 

snasiamg 

WIDTH 

Q&Zi 

Earth  Raiourca 

ESA* 

Polar 

C-Band  (VV) 

85m/ 80km 

March 

Satallita  (ERS-1) 

1991 

Japanaaa  Earth 
Ratourca  Satal 1 i ta 

Japan 

Polar 

L-Band  <HH) 

85m/ 100km 

1998 

(JERS-1) 

RAOARSAT 

Canada 

Polar 

C-Band  (W) 

85m/ 150km 

199* 

Shuttla  Imaging 

US 

60'lncl. 

I-C-l-Band 

85m/ 50km 

1993 

Radar  SIR-C/X-SAR 

(polartmatnc) 

199* 

1996 

Earth  Obtarving 

US 

Polar 

X-C-L-Band 

80-850* 

8000 

Satall ita  (EOS) 

US  SAR 

(polarimatric) 

50-*50km 

*Europun  Spaca  Agnncy 

2.0  GREENLAND  SEA  DATA  SETS 

A  series  of  remote  sensing  experiments 
utilizing  aircraft  SAR  occurred  in  the  Greenland 
Sea  (Figure  1)  from  1983  through  1989.  These 
activities  Included:  1)  the  Summer  1983/1984  and 
Winter  1987  Marginal  Ice  Zone  Experiments  (MIZEX); 
2)  the  1989  Norwegian  Seasonal  Ice  Zone  Experiment 
(SIZEX);  and  3)  the  1988/1989  year  long 
Coordinated  Eastern  Arctic  Experiment  (CEAREX). 
SIZEX  was  a  part  of  CEAREX  but  is  identified 
separately  because  the  1989  activity  (Phase- I)  was 
a  European  Space  Agency  (ESA)  ERS-1  prelaunch 
investigation. 
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Figure  i.  Operation  Area 

The  marginal  ice  zone  (MIZ)  is  the  region  of 
the  outermost  extent  of  the  Polar  Ice  Field.  In 
the  MIZ,  strong  interactions  between  the 
atmosphere,  sea  ice,  and  ocean  occur.  Current 
scientific  interest  in  the  Arctic  MIZ  results  from 
the  important  influence  this  air-sea-ice 
interaction  has  on  both  local  and  hemispheric 
weather  and  climate.  A  central  problem  to  MIZ 
studies  is  the  definition  of  those  oceanic  and 
atmospheric  processes  which  determine  the  location 
of  the  ice  edge,  ice  morphology,  and  deformation 
within  the  MIZ.  Clearly,  advances  in  the 
understanding  of  these  processes  are  of  practical 
as  well  as  scientific  importance.  The  results  of 
such  studies  will  lead  to  more  accurate  short- 
range  forecasts  of  sea  ice  movements  which  will 
contribute  toward  resource  management, 
exploration,  and  exploitation.  For  these  reasons, 
an  internationally  coordinated  deep-water  MIZEX  in 
the  Fram  Strait  Region  of  the  Greenland  Sea  was 
organized  for  the  purpose  of  studying  mesoscale 
air-ice-ocean  interactions  at  this  Arctic  MIZ34. 
This  series  of  experiments,  begun  in  the  Summer  of 
1983,  offered  a  comprehensive  array  of  coordinated 
mesoscale  ocean,  ice  and  atmospheric  measurements 
involving  icebreakers,  oceanographic  vessels,  ice 
and  ocean  buoys,  remote  sensing  aircraft  and 
spacecraft.  During  the  Summers  of  1983  and  1964, 
extensive  SAR  data  sets  were  collected  and 
analyzed. 

MIZEX  '87  occurred  in  the  Greenland  and  Barents 
Seas  and  combined  observations  from  both  remote 
sensing  and  in  situ  data  collection  to  provide  an 
integrated  approach  to  the  study  of  winter 
marginal  ice  zone  conditions.  Favorable  weather 
permitted  18  consecutive  days  of  SAR  coverage  and 
field  operations.  Each  mission  covered 
approximately  a  200  x  200  km  area  surrounding  the 
ice  strengthened  vessel  Polar  Circle.  The  SAR 
system,  with  its  high  resolution  (15  x  15  m), 
clarity  of  image  and  real-time  availability, 
proved  to  be  a  powerful  and  efficient  tool  to  aid 
in  the  planning  and  carrying  out  of  field 
experiments. 

MIZEX  '87  was  the  first  international 
experiment  having  daily  SAR  coverage  with  real¬ 
time  Imagery  down-linked  to  the  ships  In  the 
field.  This  imagery  was  used  on-board  Polar  Circle 
to  identify  areas  of  Interest  such  as  the  location 


of  the  ice  edge,  eddies  and  ocean  fronts.  The 
ship  would  then  proceed  to  the  SAR  identified 
areas  to  collect  sea  truth.  The  data  was  also 
used  to  select  sites  for  detailed  active  and 
passive  microwave  measurements  and 
characterization  of  physical  and  electrical 
properties  of  the  ice  and  snow.  In  addition  to 
being  down-linked,  the  SAR  data  was  recorded  on¬ 
board  the  aircraft  on  high  density  digital  tapes. 
Later  analysis  of  this  digital  data  enabled 
extraction  of  MIZ  geophysical  information.  The 
MIZ  geophysical  information  extracted  solely  from 
the  1987  SAR  data  set  included;  ice  edge,  ice 
type,  gravity  wave  propagation  into  the  pack,  ice 
kinematics,  ice  concentration,  identification  of 
leads,  and  some  information  on  floe  size 
distribution5. 

The  sea  ice  forms  present  in  the  Greenland  Sea 
MIZEX  operations  area  included:  open  water;  open 
water  with  grease  ice  streamers;  new  ice  (5-8  cm 
thick);  first-year  ice  (20-40  cm  thick);  first- 
year  ice  with  rubble  (.60-1.5  m  thick);  and 
multiyear  ice  (2-4  m  thick).  Large  expanses 
(200,00  kmJ)  of  new  nilas  sea  ice  (5  cm  thick) 
forms  in  the  Greenland  SEA  as  a  result  of 
oceanographic  upwelling  of  cold  water  interacting 
with  cold  (<10-*C)  northerly  polar  winds.  This 
rapid  ice  formation  is  referred  to  as  the  Odden 
and  is  discussed  in  Ref.6.  The  nilas  transitions 
into  pancake  floes  (10-15  cm  thick  due  to 
continued  growth  and  wave  action. 

CEAREX  was  a  year  long  scientific  effort 
involving  both  Remote  sensing  and  in  situ 
measurements  of  oceanographic,  meteorologic, 
electromagnetic,  and  acoustic  properties  of  ice 
and  open  water  in  the  Arctic.  Throughout  the 
experiment  scientists  stationed  on  board  the  ice 
strengthened  M/i/  Polarbjom  and  at  Svalbard  and 
Andoya  utilized  observations  made  from  teal -time 
SAR  data  to  plan  successive  SAR  missions  and 
select  areas  of  special  interest  for  intensive 
study  and  sea  truthing. 

As  a  part  of  CEAREX,  three  SAR  collections  were 
executed.  In  February,  the  Canada  Centre  for 
Remote  Sensing  (CCRS)  X-  and  C-band  SAR  system  was 
utilized  to  collect  data  that  was  simultaneously 
being  sea  truthed  by  researchers  on  board 
Polarbjom.  These  flights  took  place  in  the 
Barents  Sea  in  support  of  SIZEX  Phase- I. 

During  the  March  and  April  deployments  of 
Polarbjom  the  NADC/ERIM  P-3  X-,  C-,  and  L-band 
SAR  system  was  utilized  in  support  of  SIZEX  Phase 
II.  This  aircraft  was  also  use*4  in  April  to 
collect  three  data  sets  over  the  ice  based 
acoustic  and  oceanography  camps.  In  addition, 
areas  surrounding  Polarbjom  were  images  while  in 
transit  in  support  of  the  eddy  biological  cruise. 
Table  2  is  a  listing  of  all  SAR  flights  carried 
out  in  support  of  CEAREX. 


3.0.  EXAMPLES  OF  SAR  DERIVED  SEA  ICE  GEOPHYSICAL 
VALUES 

Sea  ice  type  or  thickness  and  age  are  extremely 
important  parameters  to  measure  and  study  in  the 
polar  oceans.  Ice  strength  Is  dependent  upon  age 
and  thickness,  and  the  distribution  of  Ice 
thickness  Is  Important  In  climatic  studies. 
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Table  2. 

SAR  Flights  in  Support  of  SIZEX/CEAREX 
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Figure  2  1$  i  conceptual  Illustration  of  the  SAR 
Microwave  return  from  multiyear  and  first-year  sea 
ice  and  open  water  without  wind.  Multiyear  ice 
(i.e.  ice  that  has  survived  a  summer  melt)  can  be 
distinguished  from  first-year  ice  by  its  greater 
thickness  (  >  2  m  versus  <  2.5  m),  its  lower 
salinity  (  <  2.5  °/oo  versus  >  7.7  °/oo)  and 
thicker  snow  cover  (  >  0.2  m  versus  <  0.2  m).  The 
multiyear  return  is  a  function  of  surface  and 
volume  scattering  since  the  low  salinity  allows 
penetration  into  the  ice  sheets  whereas  snow- free 
first-year  ice  and  ocean  backscatter  is  dominated 
by  scattering  from  the  surface  (i.e.,  both  are 
high  loss  materials). 
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Figure  2. 


Conceptual  Illustration  of  the  SAR 
Microwave  Return 


In  order  to  use  satellite  and  aircraft  SAR  data 
to  estimate  ice  types  and  their  respective 
concentrations,  algorithms  for  use  on  microwave 
data  have  been  recently  developed  and  improved. 
Major  advances  have  been  made  in  establishing  sea 
ice  type  and  concentration  because  microwaves 
penetrate  clouds  and  large  areas  can  be  covered 
repeatedly.  Algorithms  that  differentiate  first- 
year  and  multiyear  ice  are  not  always  accurate 
because  radiometric  properties  change  when 
influenced  by  melting,  wet  snow,  or  water  on  the 
ice  surface. 

Multiyear  and  first-year  ice  can  be 
distinguished  in  the  winter  independent  of 
frequency  (C-,  X-,  and  Ku-band;  Figure  3). 


Frequency  Dependence  of  the  Backscatter 
Coefficient  for  Two  Incidence  Angles,  (a)  30° 
and  (b)  40°.  Theoretical  <j°  for  Multiyear  and 
First-Year  Ice  Under  Normal  (b)  and  Extreme 
(c)  Conditions 

However,  in  the  spring  and  summer  discriminating 
first-year  from  multiyear  becomes  difficult  due  to 
free-water  in  the  snow  and  within  the  surface  of 
the  ice  (also  see  Figure  3).  The  free-water 
prevents  significant  microwave  penetration;  thus, 
the  volume  scattering  which  distinguishes  the 
multiyear  ice  return  is  not  present.  The  only  SAR 
satellite  in  space  operated  at  L-band.  It  proved 
to  be  poor  at  differentiating  the  desired  ice 
types.  The  next  scheduled  SAR  satellite  will  be 
launched  in  1990  and  will  operate  at  C-band  (5.25 
GHz;  6  cm). 

MIZEX  1987  X-band  (3  cm)  SAR  data  collected  by 
the  Intera  STAR-1  and  -2  systems57  durinq  March 
and  April  (i.e.,  winter  conditions)  was  used  to 
quantify  the  ability  of  SAR  to  distinguish  ice 
types  found  within  the  MIZ.  Thirty -three  areas 
within  the  MIZEX  '87  X-band  SAR  ice  image  shown  in 
Figure  4  were  selected  for  statistical  analysis. 
Standard  statistics  (i.e.,  mean,  standard 
deviation,  variance,  skewness,  and  kurtosis)  were 
generated  on  these  areas  and  combined  into  the 
seven  water  and  sea  ice  catagories  identified  on 
Figure  4  and  presented  in  Table  3.  The  SAR  data 
is  seven -look  and  using  an  equation  of  Bums  and 
Lyzenga  et  al.,*  the  variance  due  to  speckle  can 
be  removed,  leaving  just  the  spatial  variation  of 
the  scatterers.  To  illustrate  this,  Figure  5 
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Figure  4 

^TAR-2  Extensively  "Sea-Truthed"  High  Resolution  Imagery.  Letters  A  through  G 
Correspond  to  the  Seven  Open  Water  and  Sea  Ice  Types  Found  Within  This  Test  Area. 
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Table  3  MIZEX  '87  SAR  Clutter  Statistics  -  Averaged  Values  tor  Similar  Areas 

6  Apnl  -  Mission  15 


shows  the  data  from  Table  3  plotted  in  dB.  The 
boxes  in  Figure  5  represent  the  means  of  the 
classes  and  the  extent  of  the  error  bars  are 
determined  by  adding  and  subtracting  the  standard 
deviation  of  the  spatial  variations  ( i . e . .  with 
the  speckle  component  removed)  to  the  mean  values. 
Note  that  categories  A  through  E  have  a 
significant  amount  of  spatial  variation,  while 


categories  F  through  G  have  none.  The  relativity 
higher  spatial  variation  of  catagories  B  and  C  are 
thought  to  be  due  to  the  effects  of  rubble  on  the 
surface.  This  suggests  that  automated  techniques' 
utilizing  SAR  texture  information  (i.e.,  the 
spatial  variations)  may  prove  useful  in  sea  ice 
classification 
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Examination  of  Figure  5  reveals  that  in  general 
categories  A  and  C  through  G  are  separable 
indicating  that  multiyear  ice  can  be  differen¬ 
tiated  from  first-year  ice  with  rubble,  thick  and 
thin  young  ice,  and  open  water  on  the  X-band  (9.8 
GHz)  SAR  data.  Category  B  which  included  a 
mixture  of  multiyear,  first-year  and  open  water 
was  not  separable  due  to  the  mixed  nature  of  the 
category.  The  grease  ice  area  had  a  lower  return 
than  the  ice  free  open  water  suggesting  the  grease 
ice  dampened  the  capillary  waves  which  made  the 
surface  appear  smooth  to  the  radar. 


Icm  Typm 


Figure  5. 

SAR  Mean  Backscatter  at  40°  Incident  Angle 

for  Sea  Ice  and  Open  Mater 

The  SAR  values  for  multiyear,  first-year  with 
rubble,  first-year  without  rubble  and  thin  new  ice 
were  then  compared  to  the  ship  based  (Polar  Circle) 
scatterometer  measurements  made  at  1,  5,  10,  18 
and  35  GHz  (see  Table  4).  The  standard  deviation 
of  the  scatterometer  data  is  approximately  +.5  dB. 

Examination  of  Table  4  indicates  that  the  SAR 
and  scatterometer  measurements  made  at  10  GHz  were 
similar.  In  general,  as  the  frequency  Increases 
the  ability  to  separate  multiyear  from  first-year 
Ice  also  Increases.  The  opposite  trend  occurs 
with  decreasing  frequency.  L-band  (1  GHz)  which 
is  dominated  by  volume  scattering  and  the  effect 
of  topography  has  similar  signatures  for  multiyear 
and  first -year.  C-band  (5  GHz)  appears  to  produce 
signatures  that  are  very  similar  to  X-band  (i.e., 
volume  scattering  from  bubbles  dominates  the 
return  from  multiyear  Ice). 

An  Important  area  for  exchange  of  heat  and  mass 
between  the  Arctic  Ocean  and  the  North  Atlantic  Is 
the  Fram  Strait  area  of  the  Greenland  Sea.  As 
discussed  previously,  the  Fram  Strait  area  has 
been  the  site  of  three  major  MIZEXs  conducted  in 
1983,  1984,  and  1987.  At  the  Greenland  Sea  MIZ 
the  northward  flowing  warm  North  Atlantic  current 
and  the  cold  southward  flowing  Arctic  water  meet 
at  the  pack  ice  edge  and  form  a  series  of  eddies. 

Among  the  objectives  of  the  MIZEX  program  was 
to  study  the  ice  edge  position,  Ice  kinematics, 
ice  concentration,  ice  types,  locations  of  eddies, 
ice  physics,  ice  thickness,  ridges,  ice  floe 
distribution,  leads  and  polynyas.  A  SAR  system 
housed  in  a  CV-580  aircraft  was  used  in  1983  and 
1984  to  provide  information  on  the  variables. 
Additionally,  the  all-weather  SAR  was  used  In  a 
real-time  mode  for  guiding  the  research  vessels 
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Table  4. 

Scatterometer  and  SAR  Values  at  40°  Incident 
Angle  for  Four  Catalogues  of  Sea  Ice 
Referenced  to  Open  Water 

Into  the  eddy  regions.  For  example,  a  high- 
resolution  SAR  mosaic  collected  on  5  July  1984 
(Figure  6)  clearly  shows  detailed  surface 
structure  of  an  elllptlcally  shaped  eddy  (El)  on 
the  scale  of  «30km.  Figure  7  is  an  oblique  aerial 
photograph  taken  of  this  eddy  from  the  CV-580. 
Because  winds  were  light,  the  sea  ice  floe-size 
distribution  of  50  to  500  m  reflected  the  upper 
ocean  circulation.  The  orbital  motion  of  the  eddy 
was  cyclonic,  while  the  spiral  motion  of  ice 
toward  the  center  indicated  an  inward  frictional ly 
driven  radial  motion.  The  ice  concentration  was 
more  than  80*  at  the  center  of  the  eddy.  This 
implied  that  there  was  convergence,  and  that 
ageostrophlc  effects  are  important  and  must  be 
included  In  realistic  models  of  these  eddies’0”. 

A  second  eddy  (E2)  was  seen  south  of  El.  Slicks 
and  bands  of  ice  were  also  Identified  that 
indicated  Internal  wave  activity.  The  area  marked 
"band  of  dead  water”  off  the  Ice  edge  was  a 
distinct  meltwater  zone.  A  detailed 
Interpretation  of  the  SAR  mosaic  describes  the 
location  of  large  individual  floes,  polynyas.  Ice 
concentration  estimates,  the  ice  edge  and  floe 
size  distributions  (see  Figure  8)’.  Fully 
automatic  algorithms  have  recently  been  developed 
which  can  produce  sea  ice  type  classification  and 
concentration  maps  from  SAR  data’2’*.  The  sea  ice 
type  classification  algorithm  uses  local 
statistics  to  determine  ice  type  boundaries,  and 
the  ice  concentration  algorithm  iteratively 
decomposes  the  histogram  into  ice  and  water 
statistical  values. 

SAR  Images  collected  six  days  apart  over  the 
same  area  provide  Information  regarding  to  the 
dynamic  processes  in  the  MIZ.  Figure  9  shows  the 
analysis  of  two  SAR  Images  collected  six  days 
apart  (30  June  and  6  July  1984)  and  the 
transformation  of  a  relatively  north-south  ice 
edge  to  a  convoluted,  meandering  Ice  edge.  These 
meanders  result  from  the  complex  interactions 
along  the  boundary  between  the  rapid  southward 
East  Greenland  current,  warm  northward- flowing 
Atlantic  waters,  and  highly  variable  winds.  Ice 
edge  meanders  may  play  an  Important  role  In  the 
generation  of  ice-ocean  eddies  because  they 
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provide  the  initial  perturbation  in  the  Ekman 
transport  field  that  eventually  results  in  eddies. 
These  edge  features  are  composed  of  ice  floes 
ranging  from  50  to  500  m  in  size,  which  are  the 
result  of  gravity  wave-ice  interaction  and  eddy- 
induced  floe  collisions  that  break  up  large  floes. 
Under  moderate  wind  conditions  the  ice  in  these 
meanders  reflect  the  ocean  circulation  because  the 
individual  ice  floes  act  as  Lagrangian  drifters 
moving  with  the  current.  This  is  particularly 
true  in  the  summer  season,  when  the  winds  are 
normally  light  (less  than  4  ms’)  and  there  is  no 
new  ice  forming  that  would  freeze  floes  together. 

The  sequential  images  also  give  ice  drift 
kinematic  data.  The  ice  drift  vectors  were 
derived  by  locating  the  same  floe  in  images  on  29 
June  and  6  July.  Three  regimes  of  floe  drift 
occurred  during  this  7-day  period.  First,  the 
floes  at  the  edge  moved  fastest,  an  average 
distance  of  75  km  (12.5  cms’)  in  a  south-westerly 
direction  parallel  to  the  ice  edge.  Second,  floes 
west  of  2 * E ,  at  distances  greater  than  40  km  from 
the  edge,  moved  approximately  45  km  (7.5  cms')  to 
the  south'0.  Finally,  in  the  region  near  the  R/V 
Polarqueen,  the  ice  drift  was  only  15  km  (2.5 
cms')  to  the  southwest. 

The  decrease  in  speed  and  the  change  in 
direction  of  the  ice  floe  drift  across  the  H1Z 
results  from  different  forces  acting  on  the  ice  in 
the  interior  and  at  the  edge.  The  interior,  with 
greater  ice  concentration  and  larger  floes,  is 
more  strongly  influenced  by  internal  ice  stress 
than  the  ice  edge,  which  normally  has  lower  ice 
concentrations  and  smaller  floe  sizes.  The  wind 
force  also  varies  across  the  MIZ  because  the  edge 
region,  with  smaller  floe  size  and  lower  ice 
concentration,  has  a  greater  roughness  than  the 
interior.  The  third  feature,  the  region  of 
dramatically  reduced  ice  drift,  occurred  at 
precisely  the  same  time  and  location  at  which  an 
ocean  frontal  meander  was  observed  in  the  dynamic 
height  topography’5.  Furthermore,  the  drift  of  a 
sound  fixing  and  ranging  (SOFAR)  buoy  at  a  depth 
of  100  m  through  this  anomalous  ice  drift  area 
showed  that  this  meander  was  a  cyclonic  ocean 
eddy.  The  location  and  size  of  this  eddy  was  such 
that  its  circulation  was  opposed  to  the  general 
ice  drift  direction,  which  reduced  the  Ice  drift 
velocities.  Hence,  the  eddy  slowed  the  ice  drift 
in  one  region,  changed  the  drift  direction  in  the 
other  region,  and  possibly  augmented  the  drift  to 
the  north. 

Surface  waves  are  a  major  factor  determining 
the  structure  of  the  ice  in  the  MIZ.  As  the  waves 
propagate  through  the  ice  field  from  the  open 
ocean,  they  are  scattered  and  attenuated  by  the 
ice  floes.  Only  the  long-period  swells  propagate 
more  than  a  few  kilometers  into  the  Ice; 
therefore,  the  breakup  by  short  waves  Is  most 
effective  near  the  ice  edge.  The  longest  swells 
from  storms  can  penetrate  in  excess  of  100  km  into 
the  ice  and  can  break  up  larger  floes  through 
flexure  for  tens  of  kilometers.  The  decay 
coefficient  varies  approximately  as  frequency 
squared,  so  the  shorter  waves  are  damped  more 
quickly’6.  The  result  is  a  floe  size  distribution 
in  which  the  maximum  floe  size  Increases  within 
the  pack.  Airborne  SAR  can  provide  observations 


of  wave  penetration  into  the  ice.  Lyden  et  al.,’7 
has  utilized  SAR  data  and  standard  FFT  techniques 
to  observe  230  m  wavelength  surface  swell, 
generated  by  a  passing  meteorological  lows  several 
hundred  kilometers  away,  penetrating  over  200  km 
into  the  pack  before  significant  decay  occurred. 

SAR  has  also  been  shown  useful  in  detecting 
icebergs  both  within  the  pack  as  well  as  floating 
in  the  open  ocean.  The  ability  of  SAR  to  detect 
icebergs  is  a  function  of  the  frequency, 
polarization,  and  incident  angle  used.  Icebergs 
imaged  in  the  open  ocean  under  high  winds  at  steep 
incident  angles  appear  as  dark  objects  in  a  bright 
sea,  while  conversely  in  the  same  sea  at  large 
incident  angles  (i.e.,  grazing)  the  bergs  are 
bright  targets  in  a  dark  background. 

Unfortunately,  the  cross-over  angle  for  this 
bright/dark  imaging  phenomena  is  approximately  20- 
30*  the  angle  most  free  flying  satellite  SAR's 
operate.  Icebergs  in  an  ice  field  exhibit  similar 
characteristics  as  in  the  open  ocean  case,  however 
the  ice  field  provides  a  bright  background  over 
all  ranges  of  incident  angles. 


4.0  CONCLUDING  REMARKS 

The  analysis  of  the  SAR  aircraft  data  collected 
during  the  Greenland  Sea  Experiments  indicate  the 
following: 

1.  SAR  imagery  collected  during  winter  permits 
differentiation  between  first-year  ice, 
multiyear  ice,  and  many  stages  of  young  ice; 

2.  SAR  mosaics  can  also  be  interpreted  to  obtain 
ice  concentration  and  floe  size  distributions; 

3.  Sequential  SAR  images  can  be  used  to  provide 
detailed  ice  kinematics  information; 

4.  SAR  imagery  can  be  used  to  detect  surface 
expressions  of  eddies  both  in  the  open  ocean 
and  within  the  ice  pack; 

5.  SAR  imagery  permits  the  tracking  of  ocean  waves 
both  outside  and  propagating  approximately  200 
km  into  the  ice  pack 

6.  SAR  imagery  shows  Internal  wave  features 
beneath  the  ice  pack;  and 

7.  SAR  Imagery  mapped  an  ocean  polar  front  and 
small  Icebergs  in  the  Barents  Sea. 

Digital  techniques  to  provide  the  SAR  derived 
geophysical  products  are  rapidly  maturing  and  will 
be  "on  line"  for  use  with  the  ERS-1  satellite 
system.  Work  continues  to  improve  the  computation 
times  required  to  exact  the  desired  Information. 

A  number  of  free-flying  SAR  satellite  systems 
will  be  launched  during  this  decade.  These 
systems  used  synergistically  with  mesoscale  arctic 
and  antarctic  models  will  provide  sufficient  data 
to  map  the  dynamics  of  the  poles. 
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Figure  9. 

Composite  Sketch  of  Ice  Edge,  Concentration, 
and  Floe  Size  for  30  June  and  6  July  1984 
Derived  from  the  SAR. 
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ABSTRACT 

Active  microwave  measurements  were  made  during 
the  1987  Marginal  Ice  Zone  Experiment  (MIZEX). 
Backscatter  data  were  acquired  at  frequencies  from 
1.25  to  35  GHz,  at  Incidence  angles  from  0  to  80 
degrees,  and  with  linear  antenna  polarizations. 

The  objective  was  to  make  descriptions  of  the 
scattering  coefficients  of  the  major  Ice  types  In 
the  region  and  to  study  the  winter  conditions  and 
their  Influence  on  the  microwave  response.  Results 
show  that  multiyear  and  pancake  ice  produce  strong 
backscatter,  while  returns  from  open  water  between 
floes  and  new  Ice  are  weak.  First-year  Ice  has  a 
wide  range  of  returns;  when  the  surface  is  smooth 
returns  are  weak,  and  If  roughened,  l.e.,  like 
pancake  Ice,  the  returns  Increase  substantially. 


Keywords:  Backscatter,  Sea  Ice,  Radar, 
Scatterometer 


1.  INTRODUCTION 

Radar  backscatter  data  were  acquired  from  the 
Ice-strengthened  ship  M/V  POLAR  CIRCLE  which  was 
positioned  In  the  Fnam  Strait  marginal  Ice  zone 
(MIZ)  during  March  and  April  1987.  These  measure¬ 
ments  were  coordinated  with  those  of  an  aircraft 
equipped  with  synthetic  aperture  radar  (SAR), 
satellite  sensors,  surface-based  passive  microwave 
radiometers,  and  detailed  ice  characterizations. 
Synoptic  coverage  by  satellites,  higher  resolution 
100  km  x  100  km  coverage  by  aircraft  SAR,  local 
area  coverage  by  the  helicopter  scatterometer,  and 
very  detailed  local  coverage  from  the  ship  were 
integrated  with  success. 

The  MIZEX  '87  winter  campaign  was  of  great 
Interest  because  well -coordinated  measurement 
programs  have  been  directed  at  other  seasons  but 
never  In  the  winter  In  the  Fram  Strait.  A  winter 
experiment  allowed  us  to  examine  the  seasonal 
variation  in  the  microwave  and  physical  properties 
for  the  various  Ice  types  and  features.  These 
microwave  and  physical  property  data  are  needed  to 
better  evaluate  and  produce  geophysical  quantities 
from  SAR. 


2.  SENSOR  AND  EXPERIMENT  DESCRIPTION 

Two  radar  scatterometers  were  operated  during 
this  investigation:  one  from  the  Norwegian  Ice 
strengthened  ship,  and  a  second  from  a  small 
helicopter.  Ice  and  ocean  data  were  collected  from 
the  ship  during  transects  through  the  MIZ.  During 
the  times  the  ship  was  held  against  Ice  floes, 
detailed  surface  measurements  were  made.  These 
included  radar  backscatter  cross  sections  (ER1M), 
brightness  temperatures  (University  of  Washington), 
Ice  and  snow  characterization  (CRREL,  ERIN,  and 
University  of  Washington)  and  dielectric  properties 
(ERIN).  Measurements  were  made  to  study  the 
temporal  changes  In  the  properties  of  the  various 
ice  types  and  to  examine  the  variety  of  ice 
conditions  In  the  MIZ.  Floes  were  selected  using 
the  SAR  downlink  data.  The  floes  selected  from  the 
SAR  data  were  representative  of  both  typical  and 
anomalous  conditions  In  the  Immediate  region  about 
the  ship.  The  helicopter  scatterometer  made 
measurements  at  these  floes  and  extended  the 
detailed  local  measurements  to  the  regional 
measurements  made  by  the  SAR.  The  hel  Icopter-bomc 
scatterometer  was  used  to  link  the  mesoscale 
programs  and  provide  the  high  mobility  needed  to 
study  Ice  conditions  throughout  the  experimental 
region. 


Surface  measurements  were  made  of  the  physical  - 
electrical  properties  of  various  Ice  and  snow  types 
present  at  the  remote  sensing  test  sites.  Physical 
property  Information  acquired  Includes  teeverature 
profile,  small-scale  roughness  of  surfaces  and 
layers,  salinity  distributions,  thickness,  density, 
snow  grain  size,  snowpack  construction,  snow-ice 
interface  descriptions.  Ice  sheet  construction.  Ice 
sheet  discontinuity  profile  (scatterers  In  the  Ice 
sheet  such  as  air  bubbles),  and  Ice  sheet 
freeboard.  Dielectric  constant  measurements  were 
made  using  coaxial  resonators  and  cavities  at 
approximately  1,  5,  and  10  GHz. 


The  ship-based  sensor  shown  In  Figure  1  Is  a 
millimeter  wave  radar  and  was  mounted  on  the  wheel 
house  deck,  approximately  15  m  above  the  Ice. 
Backscatter  data  were  acquired  at  18  and  35  GHZ. 
Looking  to  the  side  of  the  ship,  scenes  could  be 
viewed  from  15  to  80  degrees  from  vertical. 
Angular  response  measurements  were  made  when  the 
ship  was  stationed  next  to  Ice  floes.  Additional 
data  were  acquired  as  the  ship  traversed  through 
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extensive  regions  of  new  Ice.  Sensor 
specifications  arc  summarized  In  table  1. 

The  helicopter-borne  scatterometer  shown  in 
Figure  2  was  flown  at  an  altitude  of  15  to  30  m. 

The  radar  operated  at  1.25,  5.25,  and  9.38  GHz 
simultaneously.  This  is  an  Important  aspect  of 
both  this  radar  and  the  millimeter  radar. 

Collecting  data  simultaneously  Improves  the  ability 
to  study  frequency  and  polarization  signature 
behavior  and  to  correlate  specific  features  with 
their  microwave  signatures.  Incidence  angles 
ranged  from  vertical  to  70  degrees,  and  antenna 
transmit-receive  polarizations  Included  VV,  VH,  HV, 
and  HH  ( 1 . e . ,  VH  Indicates  vertical  transmit  and 
horizontal  receive).  This  sensor  allows  the  data 
to  be  acquired  so  that  It  is  uncorrelated  but 
spatially  contiguous,  with  reasonable  aircraft 
speeds  (l.e.,  up  to  60  knots)  making  full  use  of 
available  independent  spatial  samples.  A  color 
video  record  of  the  scenes  observed  was  produced. 
Sensor  specifications  are  summarized  In  Table  2. 

Internal  calibration  for  both  radars  necessary 
for  short-term  variations  In  the  radar  was 
accomplished  by  passing  the  radar  signal  through  a 
delay  line  of  known  loss.  Overall  system 
calibration  was  performed  by  measuring  the 
backscatter  from  targets  of  known  cross  section,  a 
Luneberg  lens  or  a  trihedral. 

3.  PRELIMINARY  RESULTS 

The  MIZ  was  comprised  of  numerous  floes  which 
were  typically  less  than  200  m  in  diameter.  These 
floes  also  showed  various  degrees  of  deformation. 
There  were  also  extensive  areas  of  new  Ice.  These 
included  homogeneous  and  reasonably  undisturbed 
areas  to  those  composed  of  pancakes  with  rough 
edges  which  form  because  of  wave  action.  The 
thickness  of  the  young  first-year  (FY)  sea  Ice 
ranged  from  about  20  to  80  cm,  multiyear  (MY)  Ice 
from  165  to  410  cm,  and  new  and  pancake  Ice  (PC) 
from  1  to  10  cm. 

Preliminary  results  at  the  L-band  frequency  (see 
Figure  3)  show  that  FY  Ice  at  VV-  and  HH- 
polarizatlons  were  within  about  one  dB  of  being 
identical  at  angles  from  35  to  65  degrees. 
Signatures  of  FY  and  MY  ice  were  also  similar,  with 
FY  about  one  dB  higher.  These  measurements  are 
consistent  with  observations  made  in  1976  (Ref.  1). 
Cross-polarization  returns  were  not  similar.  The 
returns  of  FY  Ice  were  higher  and  decayed  more 
rapidly  with  Increasing  angle  than  those  of  MY  Ice. 
This  result  was  not  anticipated  and  further 
investigation  of  the  data  Is  underway. 

Results  at  the  C-band  frequency  (see  Figure  4) 
show  that  PC  ice  returns  were  greater  than  those  of 
MY  Ice  at  angles  less  than  40  degrees.  Like-  and 
cross-polarized  MY  Ice  returns  were  well  separated, 
between  6  and  14  dB. 

At  the  X-band  (see  Figure  5),  PC  Ice  again 
provided  the  strongest  returns  at  angles  less  than 
30  degrees.  However,  beyond  30  degrees  MY  Ice 
produced  the  greatest  backscatter.  At  45  degrees 
FY  and  PC  Ice  signatures  merged  at  a  level  of  about 
7  dB  lower  than  that  of  MY  Ice.  As  was  the  case  at 
the  L-band,  FY  cross-polartzcd  returns  were  higher 
than  those  of  MY  Ice. 

MY  Ice  returns  were  the  highest  from  20  to  70 
degrees  at  the  Ku-band  frequency  (see  Figure  6). 


PC  Ice  backscatter  fell  between  those  of  MY  and  TY 
Ice.  IY  Ice  returns  were  about  10  dll  lower  Ilian 
those  of  MY  Ice.  Ibis  Is  similar  to  the  cases  at 
the  lower  frequencies.  Open  water  (0W)  produced 
weak  backscatter  in  the  angular  region  between  10 
and  50  degrees.  The  contrast  between  MY  Ice  and  0W 
was  greater  than  20  dB  In  the  region  from  30  to  50 
degrees.  Smooth,  undisturbed  new  Ice  returns  were 
an  additional  5  dB  lower  than  OW  at  40  degrees. 

MY  Ice  continued  to  produce  strong  backscatter  at 
35  GHz  (see  Figure  7).  FY  ice  and  0W  returns  were 
similar  and  decayed  rapidly  beyond  10  degrees.  PC 
ice  produced  strong  scatter,  about  5  dB  lower  than 
that  of  MY  Ice  from  35  to  70  degrees.  These  cross 
sections  were  considerably  larger  than  those  for 
the  smooth-surfaced  FY  ice. 

4.  CONCLUSIONS 

Based  upon  the  prel imlnary  resul ts  described 
here,  the  contrast  between  MY  Ice  and  FY  Ice  with  a 
relatively  smooth  surface  Improves  with  frequency 
In  the  region  between  l  and  35  GHz.  When  the  Ice 
Is  young  and  rough,  l.e.,  PC  ice,  returns  are 
significantly  greater  and  occur  at  levels  similar 
to  those  of  MY  Ice.  This  was  seen  to  be  especially 
true  at  angles  from  20  and  30  degrees.  0W  between 
floes  was  found  to  produce  weak  returns  suggesting 
that  radar  should  perform  well  In  separating  Ice 
from  water. 
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Figure  1.  Ship-Based  Scatterometer 
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Figure  2.  The  Helicopter-Borne  Scatterometer  Named 
HELOSCAT-II 
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Figure  3.  Radar  Backscatter  Responses  at  1.25  GHz 
for  19-cm  Thick  First-Year  Ice  and 
392-cm  Thick  Multiyear  Ice 


Figure  4.  Radar  Backscatter  Responses  at  5.25  GHz 
for  19-cm  Thick  First-Year  Ice  and 
392-cm  Thick  Multiyear  Ice 


Figure  5.  Radar  Backscatter  Responses  at  9.38  GHz 
for  Pancake  Ice,  19-cm  Thick  First-Year 
Ice,  and  392-cm  Thick  Multiyear  Ice 


Figure  6.  Radar  Backscatter  Responses  at  18  GHz 
and  VV  Polarization  for  19-cm  Thick 
First-Year  Ice,  392-cm  Thick  Multiyear 
Ice,  Pancake  Ice,  and  Open  Mater 


Figure  7.  Radar  Backscatter  Responses  at  35  GHz 
and  VV  Polarization  for  19-cm  Thick 
First-Year  Ice,  392-cm  Thick  Multiyear 
Ice,  Pancake  Ice,  New  Ice,  and  Open 
Water 
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SUMMARY 

Active  and  passive  microwave  remote 
sensing  of  sea  ice  offers  the  potential 
to  obtain  synoptic  data  of  large  expanses 
of  remote,  ice-covered  oceans  under  all 
weather  conditions  irrespective  of  the 
anount  of  solar  illumination.  This  is  of 
particular  importance  for  Arctic 
applications  where  much  of  the  polar  ice 
canopy  is  under  clouds  or  in  darkness. 

The  limited  experiments  during  the 
summer-melt  period  illustrate  the  extreme 
difficulty  in  detecting  and  classifying 
sea  ice  features  when  surface  conditions 
change  rapidly.  The  conclusion  was  the 
use  of  microwave  sensors  to  unambiguously 
classify  sea  ice  type  and  features 
requires  understanding  of  the  emissivity 
and  reflectivity  characteristics  of  the 
various  ice  types,  and  that  to  understand 
the  electromagnetic  characteristics 
requires  the  understanding  of  sea  ice 
physical  properties. 

Intensive  measurement  of  summer  sea 
ice  signatures  were  made  in  Fram  strait 
during  June  and  July  of  1983  and  1984. 
These  data  were  acquired  during 
participation  in  the  Marginal  Ice  Zone 
Experiment  (MIZEX),  a  multi-national 
inter-disciplinary  effort  for  which  the 
purpose  is  the  study  of  the  air-sea-ice 
interaction  processes  in  the  transition 
region  where  the  more  stable  interior 
pack  ice  meets  the  open  ocean.  An 
objective  of  MIZEX  was  to  define  the 
geophysical  processes  which  govern  these 
interactions  and  to  understand  how  these 
interactions  influence  ice  edge  location, 
ice  morphology,  ice  sheet  deformation, 
and  ice  band  formation. 

This  paper  presents  a  comprehensive 
discussion  of  the  summer  microwave 
signatures  of  the  major  classes  of  Arctic 
sea  ice  in  the  Marginal  Ice  Zone  (MIZ) 
and  their  relationship  to  snow  and  ice 
physical  properties.  The  discussion 
begins  by  examining  winter  and  spring 
signatures  using  data  from  previous 


experiments.  Illustrations  are  used  to 
aid  the  discussion  and  to  describe 
important  changes  in  physical  properties. 
Electromagnetic  interaction  arguments  are 
developed  in  discussing  the  effect  of 
summer  metamorphosis  on  sea  ice 
signatures.  The  discussions  provided 
will  also  be  extended  to  include  sea  ice 
scenes  found  in  other  regions. 

Emission  at  5  to  94  GHz  and  backscatter 
at  1  to  17  GHz  were  measured  for  a 
variety  of  sea  ice  scenes  present  in  the 
summer  at  the  MIZ.  Data  were  obtained 
with  ship,  sled  and  helicopter  mounted 
instruments.  Results  indicate  that 
melt-water,  snow  thickness,  the  freezing 
of  the  upper  few  centimeters  of  a  snow 
layer,  and  snowpack  and  ice  surface 
morphology  control  the  microwave 
signature  of  sea  ice.  During  the  first 
half  of  summer,  the  high  absorptivity  of 
a  thick,  wet  snow  greatly  reduces  the 
variability  in  sea  ice  microwave 
signatures.  Results  during  the  peak  of 
summer  melt  indicate  that  one  penetration 
depth  in  snow  (less  than  a  wavelength) 
dominates  the  microwave  response  and 
masks  surface  ice  features.  This  does 
not  mean  that  all  ice  sheet  information 
is  lost  during  summer.  Snow  and  melt¬ 
water  are  not  distributed  uniformly  about 
a  floe.  In  addition,  wetness  is  often 
related  to  snow  thickness  and 
construction  as  well  as  ice  sheet  type 
and  deformation  characteristics.  These 
ice  type  related  non-uniformities  are  not 
well  understood  and  may  produce 
identifiable  two-dimensional  microwave 
signature  characteristics. 

The  emission  of  first  year  (FY)  and 
multi-year  (MY)  ice  during  summer  were 
nearly  identical.  The  passive  microwave 
data  did  show  an  ability  to  map  the 
spatial  distribution  of  wetness  in  the 
upper  layers  in  the  snowpack  within  floe 
boundaries.  The  emission  at  94  GHz  was 
dramatic  in  its  response  to  the  freezing 
and  melting  of  the  upper  few  centimeters 
of  the  snow  layer. 


MY  and  FY  backscatter  underwent 
multiple  contrast  reversals.  During 
winter  and  late  spring  MY  cross-sections 
are  larger  that  those  of  FY  ice  due  to 
strong  volume  scatter  from  the  upper 
portion  of  the  ice  sheet.  Wet  snowpack 
with  a  maximum  seasonal  thickness  during 
early  summer,  causes  similar  signatures 
for  each  of  these  ice  types.  By  mid 
summer,  thin  first  year  (ThFY)  ice 
backscatter  is  stronger  due  to  an 
increased  small-scale  roughness  from  a 
superimposed  ice  layer  which  forms  at  the 
snow-ice  interface  and  a  snow  thickness 
reduced  by  melt.  After  mid  summer,  the 
backscatter  contrast  again  reverses  (at 
the  lower  frequencies).  The  ThFY 
roughness  elements  are  smoothed  by  melt 
and  MY  ice  continues  to  have  a  complex 
surface  topography. 
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Evolution  of  Microwave  Sea  Ice  Signatures  During  Early  Summer 
and  Midsummer  in  the  Marginal  Ice  Zone 

R.  G.  Onstott.1  T.  C.  Grenfell,2  C.  Matzler,3  C.  A.  Luther,4  and  E.  A.  Svendsen5 


Emissivities  at  frequencies  from  5  to  94  GHz  and  backscatter  at  frequencies  from  1  to  17  GHz  were 
measured  from  sea  ice  in  Fram  Strait  during  the  Marginal  Ice  Zone  Experiment  in  June  and  July  of  1983 
and  1984.  The  ice  observed  was  primarily  multiyear:  the  remainder,  first-year  ice,  was  often  deformed. 
Results  from  this  active  and  passive  microwave  study  include  the  description  of  the  evolution  of  the  sea 
ice  during  early  summer  and  midsummer:  the  absorption  properties  of  summer  snow:  the  interrelation¬ 
ship  between  ice  thickness  and  the  state  and  thickness  of  snow:  and  the  modulation  of  the  microwave 
signature,  especially  at  the  highest  frequencies,  by  the  freezing  of  the  upper  few  centimeters  of  the  ice. 


Introduction 

Active  and  passive  microwave  remote  sensing  of  sea  ice 
offer  the  potential  of  obtaining  synoptic  data  of  large  expanses 
of  remote,  ice-covered  oceans  under  all  weather  concisions 
irrespective  of  the  amount  of  solar  illumination.  This  is  of 
particular  importance  for  Arctic  applications  where  much  of 
the  polar  ice  canopy  is  under  clouds  or  in  darkness. 

Numerous  late  winter  and  spring  experiments  have  con¬ 
centrated  on  the  ability  to  classify  ice  types,  to  detect  scientif¬ 
ically  interesting  features,  and  to  describe  ice  field  kinematics 
and  dynamics.  Efforts  also  focused  on  a  determination  of  opti¬ 
mum  frequencies,  polarizations,  and  incidence  angles  and  on 
the  development  of  algorithms  for  extracting  geophysical  pa¬ 
rameters  from  sea  ice  imagery.  Campbell  et  al.  [1975],  Ram- 
seier  and  Lapp  [1980],  and  Livingstone  et  al.  [1981]  conclude 
their  studies  by  stating  that  many  features,  including  ice  types, 
ridges  and  roughness  features,  lead  and  polynya  formations, 
and  icebergs,  have  distinct  signatures  which  are  observed 
using  active  and  passive  microwave  sensors.  They  also  present 
the  hypothesis  that  a  combination  of  multifrequency,  active 
and  passive  (microwave  and  millimeter  wave)  sensors  is  es¬ 
pecially  valuable  for  extracting  information  about  the  state  of 
the  ice.  They  present  the  hypothesis  that  emissivity  and  back¬ 
scatter  are  influenced  by  different  aspects  of  the  sea  ice  struc¬ 
ture  and  that  the  relationship  between  microwave  frequency 
and  penetration  depth  may  be  exploited  robustly. 

The  more  limited  experimentation  by  Gray  et  al.  [1982], 
Onstott  et  al.  [1982],  Onstott  and  Gogineni  [1985],  Grenfell  and 
Lohanick  [1985],  and  Lohanick  and  Grenfell  [1986]  during  the 
summer  melt  period  illustrate  the  extreme  difficulty  in  detect¬ 
ing  and  classifying  sea  ice  features  when  surface  conditions 
change  rapidly.  They  concluded  that  use  of  microwave  sensors 
to  classify  sea  ice  type  and  features  unambiguously  requires 
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understanding  of  the  emissivity  and  reflectivity  characteristics 
of  the  various  ice  types  and  that  to  understand  the  electro¬ 
magnetic  characteristics  requires  the  understanding  of  sea  ice 
physical  properties. 

Intensive  measurement  of  summer  sea  ice  signatures  were 
made  in  Fram  Strait  during  June  and  July  of  1983  and  1984. 
These  data  were  acquired  during  participation  in  the  Marginal 
Ice  Zone  Experiment  (MIZEX)  [ Johannessen  and  Horn.  1984], 
a  multinational  interdisciplinary  effort  to  study  the  air-sea-ice 
interaction  processes  in  the  transition  region  where  the  pack 
ice  meets  the  open  ocean.  An  objective  of  MIZEX  is  to  define 
the  geophysical  processes  which  govern  these  interactions  and 
to  understand  how  these  interactions  influence  ice  edge  lo¬ 
cation.  ice  morphology,  ice  sheet  deformation,  and  ice  band 
formation. 

This  paper  presents  a  comprehensive  discussion  of  the 
summer  microwave  signatures  of  the  major  classes  of  Arctic 
sea  ice  in  the  marginal  ice  zone  (MIZ)  and  their  relationship 
tc  snow  and  ice  physical  properties.  The  discussion  begins  by 
examining  winter  and  spring  signatures  using  data  from  pre¬ 
vious  experiments.  Electromagnetic  interaction  arguments  are 
developed  to  describe  the  effect  of  summer  metamorphosis  on 
sea  ice  signatures.  The  discussions  provided  may  also  be  ex¬ 
tended  to  include  sea  ice  scenes  found  in  other  regions. 

Electrical  Properties  of  Sea  Ice  and  Snow 

Frozen  sea  water,  sea  ice.  is  a  lossy  dielectric.  It  consists  of 
pure  ice,  liquid  brine,  and  air.  Snow  blankets  the  top  of  this 
low-density  solid.  During  winter,  the  microwave  signatures  of 
the  desalinated  multiyear  ice  are  clearly  different  from  those  of 
the  saline  first-year  ice.  The  situation  in  summer  is  more  com¬ 
plex;  this  is  the  time  of  desalination,  of  melting  snow  and  ice, 
of  melt  pool  formation,  and  of  the  melt-and-freeze  cycling  of 
the  upper  surface.  Microwave  signatures  track  these  meteoro¬ 
logically  induced  melt-and-freeze  cycles. 

Important  in  remote  sensing  science  is  how  the  electrical 
and  physical  properties  of  snow  and  ice  are  modified  as  they 
experience  summer  melt.  The  phytial  parameters  which  influ¬ 
ence  the  microwave  observables  are  snow  wetness,  snow  grain 
size,  snow  density,  and  snow  and  ice  roughness.  Sensor  pa¬ 
rameters,  such  as  wavelength,  polarization,  and  incidence 
angle,  also  influence  the  intensity  of  backscatter  and  emission. 
In  the  microwave  and  millimeter  wave  region  the  electrical 
properties  of  dry  snow  (a  mixture  of  ice  crystals  and  air)  are 
approximately  frequency  independent  Following  Matzler 
[1985],  who  summarizes  the  results  of  many  investigations. 
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TABLE  1  Brief  Summary  of  Ice  Descriptions  During  MIZEX  1983 
and  1984 


Ice 

Type* 

Ice 

Thickness 

Range, 

cm 

Snow 

Thickness 

Range. 

cm 

Snow- 

Thickness 

Average. 

cm 

Ice 

Salinity  in 
Top  10  cm. 

Ice 

Salinity  in 
Top  40  cm, 

%o 

MY 

174-536 

3-65 

29 

0-1 

0-1 

TFY 

175-236 

2-20 

10 

1-4 

4-5 

MFY 

90-120 

2-14 

6 

1 

2-3 

ThFY 

38-70 

2-6 

4 

3-4 

4-5 

"See  lexl  for  explanation  of  abbreviations. 


the  real  part  of  the  dielectric  constant  expressed  as  a  function 
of  snow  density  is 


1.6p 

£*'y  “  1  +  (l  —  0.35p) 


(1) 


In  (1),  p  is  the  density  of  dry  snow  in  kilograms  per  cubic 
meter.  Three  important  notes  are  as  follows:  (1)  freshly  de¬ 
posited  snow  quickly  attains  a  density  of  at  least  330  kg  m  ' 3, 
(2)  during  MIZEX,  densities  in  the  dry  surface  layer  were 
about  400-500  kg  m  '  3  for  old  snow  and  less  than  1 00  kg  m  ~  3 
for  new  snow,  and  (3)  the  density  of  pure  solid  ice  is  916  kg 
m'3 

The  imaginary  part  of  the  complex  dielectric  constant  is 
important  in  that  it  is  one  of  the  parameters  which  describe 
the  absorption  properties  of  a  dielectric  medium.  The  complex 
dielectric  constant  of  wet  snow  is  strongly  dependent  on  fre¬ 
quency,  density,  and  wetness  [ Matzler ,  1985].  It  may  be  ex¬ 
pressed  using  the  simple  Debye  relaxation  spectra  by  neglect¬ 
ing  the  low  dielectric  losses  of  dry  snow  as 


«  =  W  + 


0.23w 

1  +  if/fo 


(2) 


where  w  is  the  percent  volumetric  liquid  water  content,/0  is  10 
GHz  (relaxation  frequency  of  wet  snow),  and  / is  frequency  in 
gigahertz. 

The  propagation  distance  through  a  medium  over  which  the 
intensity  is  reduced  by  e~l  is  often  referred  to  as  the  penetra¬ 
tion  depth  (PD).  The  penetration  depth  is  given  by 

PD  =  0.5a  ” 1  (3) 


frequency  components  of  swell  are  greater  in  amplitude,  and 
floes  are  further  reduced  in  size,  often  into  patches  of  small, 
similarly  sized  floes.  During  MIZEX.  sea  ice  was  investigated 
throughout  the  region  from  the  edge  of  the  central  pack  to  the 
extreme  ice  margin.  It  is  worth  noting  that  our  observations 
show  that  ice  and  snow  conditions  at  site.,  close  to  the  edge  of 
'he  pack  and  ice  in  the  interior  of  the  M1Z  are  similar. 

Most  of  the  ice  in  the  MIZ  has  experienced  dynamic  forc¬ 
ing.  which  increases  surface  and  subsurface  topography  as  well 
as  floe  thickness  prior  to  entering  Fram  Strait.  Deformed  ice  is 
found  in  the  form  of  pressure  ridges  and  rubble,  each  of  which 
has  its  own  roughness  scale.  Ice  may  also  have  regions  of 
surface  and  subsurface  meltwater  pools  and  areas  of  flat  ice 
and  mounds.  The  microwave  properties  of  these  diverse  scenes 
may  be  equally  varied. 

The  major  summer  sea  ice  forms  found  during  June  and 
July  included  (1)  multiyear  (MY)  ice  which  has  survived  at 
least  one  summer's  melt  and  typically  has  a  thickness  greater 
than  2.5.  (2)  thick  first-year  (TFY)  ice  which  began  growing 
early  in  the  season  and  attains  a  thickness  greater  than  120 
cm.  (3)  medium  first-year  (MFY)  ice  which  began  growing 
later  in  the  growing  season,  reaching  a  thickness  of  70-120  ;m, 
and  (4)  thin  first-year  (ThFY)  ice  which  began  growing  late  in 
the  season  and  has  a  thickness  of  30-70  cm. 

Floe  size  ranged  from  small,  a  horizontal  extent  of  20-100 
m,  to  giant,  a  horizontal  extent  greater  than  10  km.  Most  of 
the  ice  was  multiyear.  The  proportion  of  first-year  (FY)  ice 
was  difficult  to  estimate  but  was  probably  less  than  one  third 
of  the  total  ice  cover.  Because  of  the  melting  conditions,  new 
ice  formation  in  leads  was  not  significant  and  would  not  affect 
lead  signatures.  Snowpack  was  typically  heavy  and  wet,  with 
depths  up  to  65  cm  on  many  MY  ice  floes.  This  is  very  thick 
by  Arctic  standards.  A  more  detailed  description  of  the  range 
of  conditions  found  during  MIZEX  is  assembled  in  Table  1. 
During  the  experiment  period  the  snowpack  and  ice  sheets 
underwent  a  transition  from  late  spring  to  summer  melt  con¬ 
ditions.  Air  temperatures  were  typically  within  2°  of  0°C.  Ex¬ 
tremes  ranged  from  —  10°C  to  +4°C.  Measured  using  alcohol 
calorimetry,  volumetric  snow  wetness  in  both  the  interior  and 
the  upper  few  centimeters  ranged  from  0%  to  10%,  except  for 
variations  in  a  thin  surface  layer.  The  bulk  snow  wetness 
stayed  at  about  5-6%  over  much  of  the  experiment  duration. 
Figure  1  shows  the  microwave  penetration  depths  for  the  con- 


where 

a  =  y|Im[v/e]|  (4) 

In  (4),  a  is  the  free  space  wavelength.  Ignoring  scattering 
losses,  a  9-dB  round-trip  loss  is  experienced  in  propagating 
over  this  distance.  It  is  also  important  to  note  that  up  to  two 
or  three  penetration  depths  may  need  to  be  considered  when 
examining  potential  contributions  to  the  microwave  signature. 

Ice  Conditions  and  Experiment  Description 

The  Fram  Strait  is  the  key  outflow  region  of  the  Arctic 
Basin.  Ice  may  originate  from  any  region  of  the  basin.  This  is 
not  a  typical  MIZ  and  is  unique  both  oceanographically  and 
in  its  sea  ice  characteristics.  Hence  both  ice  physical  and 
microwave  properties  may  be  quite  diverse,  since  the  area  of 
origin  strongly  influences  the  environment  in  which  an  ice 
sheet  grows 

As  ice  from  the  very  close  pack  approaches  the  margins,  it 
breaks  up  into  smaller  floes.  Still  nearer  the  ice  edge,  higher- 


volumetric  Water  Content  (%j 

Fig  I.  Penetration  depth  for  snow  with  a  density  of  385  leg  m*3 
for  frequencies  between  I  and  37  GHz.  Calculations  are  based  on 
experimental  data  acquired  and  results  published  by  Matzler  [1985], 
Hallikanen  et  al.  [1984]  and  Tiuri  et  al.  [1984]. 
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TABLE  2.  In  Situ  Microwave  Sensor  Description  and  Specification 


University  of  Washington 

University  of  Kansas 

University  of  Bern 

Sensor 

radiometer* 

sea  aerometer! 

radiometer? 

Sensor  type 

Dicke  and 
total  power 

FM-CW 

Dicke 

Icebreaker  year 

PB  and  PS  in  1983. 

PQ  in  1984 

PB  and  PS  in  1983. 

PS  in  1984 

PS  in  1983 

Platform 

sled 

helicopter  and  ship 

ship 

Frequencies. 

6.  10.  18. 

1.5,  5.2.  9.6. 

4.9.  19.4.  21. 

GHz 

37.  and  90 

13.6.  and  16.6 

35.  and  94 

Polarization 

V  and  H 

VV,  HH,  and  HV 

V  and  H 

Nadir  viewing 
angle 

20-60 

0-75' 

20-60 

Precision 

1-5  K 

1  dB 

0.1— 1.2  K 

Accuracy 

3-7  K 

2dB 

1  K 

Beamwidth 

15- 

2°-ir 

9-10° 

Height 

14  m 

15-45  m 

17  m 

Calibration 

sky  and  internal 

Luneberg  lens 
reflector 

sky  and  internal 

PB.  Polarbjorn;  PS.  Polarstem;  PQ,  Polarqueen. 
•Radiometer  named  UW/RAD. 
tSca aerometer  named  HELOSCAT. 
t Radiometer  named  PAMIR. 


ditions  described  here,  shown  as  a  function  of  snow  wetness 
and  frequency.  Flooding  of  the  ice-snow  interface  with  fresh 
water  was  occurring  due  to  continual  snowpaclc  ablation 
during  much  of  the  investigation. 

Our  observations  show  that  snow  cover  thicltness'of  ThFY 
(2-6  cm),  MFY  (6-15  cm),  TFY  (6-20  cm),  and  MY  (15-65  cm) 
ice  was  variable.  New  snow  also  fell  during  these  investi¬ 
gations  (0.5-1  cm).  Snow  on  pressure  ridges  and  other  elevated 
features  was  shallow  and  consisted  of  very  coarse  grains  up  to 
2  cm  in  size.  We  feel  that  grains  of  this  size  must  have  formed 
under  the  temperature  gradient  metamorphism  during  the  £ 
previous  winter.  A  hexagonal  shape  indicated  a  slight  round-  - 
ing  by  melt  metamorphism.  Old  snow  was  similar  to  fim,  with 
grain  diameters  of  1  mm.  Snow  crystal  sizes  of  0.5-2  mm 
diameter  were  typical.  First-year  ice  and  advanced  areas  of 
melt  on  MY  ice  showed  3-5  mm  diameter  with  occasional  ice 
crystal  globes  exceeding  a  diameter  of  1  cm. 

Salinities  in  the  upper  layer  of  the  ice  sheet  were  much  less 
than  l%o  for  MY  and  around  2%>  in  the  case  of  FY  ice, 
typically.  In  1984  the  FY  upper  ice  sheet  salinity  decreased 
over  the  experiment  duration,  and  the  MY  ice  salinity  in¬ 
creased  to  about  0.3%o  [ Tucker  et  al.,  this  issue]. 


Measurement  Approach 

The  integration  of  microwave  measurements  by  a  compre¬ 
hensive  set  of  satellite,  aircraft,  ship,  and  surface-based  sensors 
with  sea  ice  scene  characterization  measurements  is  a  funda¬ 
mental  accomplishment  of  the  MIZEX  Remote  Sensing  Pro¬ 
gram  [ M1ZEX  Group,  1986].  All  sensor  parameters  overlap 
well  by  design.  Imagery  was  collected  of  specifically  chosen 
representative  ice  floes  on  which  coincident  in  situ  surface, 
shipboard,  and  helicopter-borne  measurements  of  scattering 
and  emission  characteristics  and  ice  physical  properties  were 
made.  For  detailed  discussion  of  the  near-surface  sensor  pa¬ 
rameters  and  experimental  procedure,  refer  to  Grenfell  and 
Lohanick  [1985],  Mauler  et  al.  [1984],  Gogineni  et  al.  [1984], 
and  Table  2. 

The  surface-based  measurements  include  (1)  snow  thickness, 
wetness,  density,  physical  construction,  dielectric  constant  and 
temperature,  (2)  ice  thickness,  wetness,  density,  physical  con¬ 


struction,  salinity  profile,  temperature  profile,  surface  rough¬ 
ness,  state  of  deformation,  and  dielectric  constant  (3)  general 
floe  topography,  and  (4)  the  spatial  distribution  of  meltwater 
on  the  ice  sheet. 


z 

o  IZe 


■e 


18  GHz  H 


WINTER 

SPR 1 NG 

SUMMER 

FALL 

WINTER 

Ji  iti  i is  is* 

JULIRN  DRY  ( 1984) 


Fig.  2.  Time  senes  of  average  Nimbus  7  H  polarization  bright¬ 
ness  temperatures  at  18  GHz  and  37  GHz  for  a  300  km  by  300  km 
region  in  the  Greenland  Sea  near  the  MIZEX  study  area  during  1984. 
The  short  vertical  lines  represent  one  standard  deviation  (D.  J  Cava- 
lieri.  NASA.  Goddard,  unpublished  data,  1986). 
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0 _ ^ctncNs _ 

I  Snow  Surface  i  T  <  0*0 


Ui  Winter  and  Early  Spring 


Dn  Snow  t  T  <  0°  (.1 


♦ 


Ice  Surface  tT  <  0*0 


0  Wetness 


n  Wetness 

j  j  Snow  Surface  IT  =  0*C I 


to  Earls  to  Mid  Summer  c. 


Moist  Snow  iT  -  0*0 


Ice  Surface  (T  =  0*0 


Slush 


0  Wetness 


Fig.  3.  Free  water  fraction  versus  depth  for  snow  on  sea  ice,  illus¬ 
trating  conditions  encountered  during  (<■)  winter  and  early  spring,  (6) 
late  spring,  (c)  early  summer,  and  (<f)  midsummer. 

Satellite-Acquired  Sea  Ice 
Temporal  Signatures 

The  mean  and  standard  deviation  of  the  brightness  temper¬ 
atures  at  18  GHz  and  37  GHz  with  horizontal  polarization  of 
sea  ice  as  derived  from  the  Nimbus  7  scanning  multichannel 
microwave  radiometer  (SMMR)  in  a  300  km  by  300  km 
region  in  Fram  Strait  in  the  vicinity  of  the  MIZ  are  shown  for 
alternate  days  in  Figure  2  (D.  J.  Cavalieri,  NASA,  unpublished 
data.  1986).  These  brightness  temperature  data  show  the  big 
picture,  the  continuous  time  series  record  for  the  1984  Arctic 
year.  They  illustrate  the  transition  from  winter  to  summer 
signatures  and  provide  the  forum  from  which  the  in  situ 
"snapshots"  are  discussed. 

During  the  cold  winter  months,  between  December  and 
March  (Julian  days  335-90),  the  sea  ice  brightness  temperature 
variations  are  small  and  are  primarily  due  to  changes  in  ice 
concentration  or  to  variations  in  the  physical  temperatures  of 
the  radiative  portion  of  the  ice  or  both.  Starting  in  April 
(Julian  day  91)  the  steadily  increasing  spring  warming  trend 
translates  into  a  similarly  increasing  scene  brightness  temper¬ 
ature.  By  May  (Julian  days  121-151)  this  trend  was  disturbed. 
As  we  observed  during  MIZEX,  the  emission  at  36  GHz  is 
very  sensitive  to  the  presence  of  free  water  and  the  recrystalli¬ 
zation  of  the  upper  few  centimeters  of  the  snowpack.  Weather 


records  indicate  that  a  series  of  atmospheric  lows  of  warm  air 
passed  through  this  region  during  this  critical  period.  Our 
hypothesis  is  that  the  upper  layer  of  the  snowpack  experiences 
a  metamorphism  causing  an  enlargement  of  ice  crystals.  Once 
temperatures  return  to  normal  and  the  snowpack  refreezes, 
the  brightness  temperature  will  be  lower  due  to  an  additional 
scattering  loss  which  arises  from  the  increase  in  ice  crystal  size. 

The  sudden  jump  in  brightness  temperature  from  June  8  to 
18  (Julian  days  160  to  170)  marks  the  onset  of  summer  melt, 
when  temperatures  stabilize  at  about  0°C.  It  will  be  demon¬ 
strated  that  the  new  brightness  temperature  threshold  during 
the  first  half  of  this  period  indicates  a  moist  snowpack.  In 
addition,  the  melt-freeze  cycles  which  occur  throughout  the 
Arctic  summer  contribute  to  the  wide  range  of  brightness  tem¬ 
peratures.  By  the  second  half  of  summer  (beginning  about 
Julian  day  180),  melt  has  advanced  to  a  stage  where  a  signifi¬ 
cant  proportion  of  the  snowpack  has  melted  and  open  pools 
of  meltwater  are  more  numerous.  The  brightness  temperature 
shows  a  decrease  of  at  least  10  K  (see  18-GHz  data)  and  larger 
standard  deviations.  Standard  deviations  at  37  GHz  are  even 
larger,  due  in  part  to  the  larger  number  of  footprints  at  37 
GHz  than  at  18  GHz  in  the  300  km  by  300  km  region.  The 
dip  in  brightness  temperature  is  then  followed  by  an  increase 
(about  Julian  day  195).  This  represents  a  very  interesting  and 
important  event.  Sea  ice  may  experience  periods  of  drying 
during  which  the  areal  extent  of  surface  meltwater  is  reduced 
due  to  draining  through  cracks,  thaw  holes,  and  rotting  ice. 
Such  cycles  of  draining  and  melting  were  observed  during 
MIZEX.  At  about  the  middle  of  July  (Julian  day  195)  the 
brightness  temperature  shows  a  significant  increase.  We  at¬ 
tribute  this  to  the  reduction  in  the  areal  extent  of  open  water 
in  melt  pools  and  to  wet  air-snow  and  air-ice  interfaces. 

By  the  beginning  of  September  (Julian  day  244)  the  ice  is 
well  drained,  the  rapid  cooling  of  the  Arctic  proceeds,  the  ice 
concentration  is  at  its  minimum,  and  the  minimum  brightness 
temperature  for  the  year  is  reached.  By  the  end  of  September, 
brightness  temperatures  have  returned  to  wintertime  con¬ 
ditions. 

Microwave  Signature  and  Scene  Inter  comparisons 

The  microwave  signature  of  the  evolving  summer  sea  ice  as 
measured  in  situ  is  discussed  for  the  periods  of  winter,  late 
spring,  early  summer,  and  midsummer.  Two  additional  influ¬ 
ences,  very  heavy  melt  and  rain  and  frozen  surface  crust,  and 
included  because  of  their  ability  to  alter  the  seasonal  micro- 
wave  signature.  Figures  3  and  4  illustrate  the  general  distri¬ 
bution  of  wetness  (liquid  water  content)  in  the  snow  on  ice  as 
observed  during  MIZEX.  Cross-sectional  representations  of 
gross  changes  in  the  physical  construction  of  the  snowpack, 
the  snow-ice  interface,  and  the  ice  sheet  are  provided  in  Fig¬ 
ures  5  and  6. 

In  what  follows,  emissivities  are  shown  at  frequencies  from  5 
to  94  GHz  for  a  50°  nadir  angle  and  horizontal  (H)  and  verti¬ 
cal  (V)  polarizations.  Radar  backscatter  cross  sections  are  at 
frequencies  from  I  to  17  GHz.  at  angles  from  0°  to  60°,  and  at 
HH  polarization.  Since  backscatter  effects  at  VV  and  HH  po¬ 
larizations  were  very  similar  for  both  FY  and  MY  ice,  we 
follow  tradition  and  discuss  HH  polarization.  Radar  angular 
response  data  are  shown  to  elucidate  the  strong  dependence  of 
backscatter  on  incidence  angle.  The  rate  of  falloff  of  back¬ 
scatter  beyond  vertical  provides  information  about  scene 
roughness  and  the  effective  dielectric  constant. 


Onstott  et  al.  :  Microwave  Signatures  During  Summer 


N09 


Fig.  4.  Free  water  fraction  versus  depth  for  snow  on  sea  ice.  illus¬ 
trating  conditions  encountered  during  (a)  heavy  melt  or  rain  and  (ft) 
freezing  of  the  upper  snow  layer. 


Winter 

In  winter,  as  during  most  of  the  year,  the  dry  snowpack  and 
upper  portion  of  the  ice  sheet  are  at  temperatures  much  less 
than  0°C.  As  Figure  3 a  shows,  there  is  no  liquid  water  in  the 
snow  or  on  the  ice  sheet.  Cross-sectional  views  of  FY  and  MY 
ice  sheets  are  shown  in  Figures  5a  and  6 a.  Under  the  dry  snow 
on  undulating  MY  ice  are  flat  ice.  ice  mounds,  and  depres¬ 
sions  filled  with  last  summer's  frozen  meltwater.  This  set  of 
conditions  serves  as  an  excellent  reference  from  which  to 
examine  the  evolution  of  sea  ice  properties  during  summer. 

The  emissivities  of  FY  and  MY  ice  and  calm  water  during 
winter  as  reported  by  NORSEX  Group  [1983]  are  shown  in 
Figure  la.  Open  water  exhibits  a  large  difference  between 


emissivities  at  the  two  polarizations  (Brewster  angle  effects) 
and  has  an  emissivity  which  increases  with  increasing  fre¬ 
quency.  In  contrast,  the  FY  ice  signature  is  close  to  unity  and 
is  almost  independent  of  polarization  and  frequency.  The 
multiyear  ice  signature  is  not  similar  to  either  the  calm  water 
or  the  FY  ice.  Its  emissivity  decreases  with  increasing  fre¬ 
quency  and  shows  a  moderate  separation  at  the  different  po¬ 
larizations  throughout  the  entire  range  of  frequencies. 

The  radar  backscatter  of  FY  and  MY  ice  is  shown  as  a 
function  of  frequency  at  a  40  incidence  angle  in  Figure  8a. 
These  data  show  radar  cross  sections  which  increase  linearly 
with  increasing  frequency.  The  radar  contast  between  these 
two  ice  types  also  improves  with  increasing  frequency.  Returns 
from  open  water  in  the  MIZ  are  found  to  be  considerably 
lower  than  those  from  ice. 

Scattering  within  the  snow  and  ice  reduces  emission  and 
enhances  backscatter.  First-year  ice  is  very  lossy  because  of  its 
high  salinity:  hence  penetration  depths  are  small.  In  addition, 
it  has  few  internal  scatterers.  such  as  air  bubbles,  whose  diam¬ 
eters  are  within  an  order  of  magnitude  of  a  wavelength.  In 
contast.  the  upper  portion  of  a  MY  ice  sheet  is  composed  of 
low-loss,  almost  pure  ice  and  has  significant  numbers  of  air 
bubbles  with  diameters  of  1-3  mm.  The  microwave  signatures 
of  sea  ice  at  low  frequencies  (I-4GHz)  are.  for  the  most  part, 
controlled  by  its  dielectric  constant  and  surface  roughness.  As 
wavelengths  grow  shorter,  volume  scattering  from  the  inho¬ 
mogeneities  within  the  snow  and  ice  becomes  increasingly  im¬ 
portant.  At  frequencies  of  about  10  GHz.  volume  scattering 
begins  to  dominate  the  electromagnetic  interaction  process. 
The  interested  reader  is  referred  to  Kim  et  al.  [1984b]  for  a 
detailed  discussion  of  surface  and  volume  scattering  of  sea  ice. 

Late  Spring 

By  late  spring,  temperatures  have  warmed  from  winter  lows 
of  about  —  35°C:  there  may  be  periods  with  temperatures  near 


Superimposed  Ice  Layer 


Motsi  Sno»  <T  =  0°C) 


(c)  Early  to  Mid  Sumner 
(Moist  Snow) 


(d)  Mid  to  Lata  Sumnar 

(Surface  Composed  of  Snow- lea) 


Fig.  5.  Snow  and  ice  conditions  encountered  on  lint-year  ice  during  (a)  winter  and  early  spring,  (b)  late  spring,  (r)  early 
summer  lo  midsummer,  and  (4)  midsummer  to  late  summer. 


6830 


Onstott  et  al.  :  Microwave  Signatures  During  Summer 


(c)  Early  to  Mid  Sumw 
(Moist  Snow) 


(d)  Mid  to  Late  Surmar 

( Surf ace  Ccnposed  of  Snow-Ice) 


Fig.  6.  Snow  and  ice  conditions  encountered  on  multiyear  ice  during  (a)  winter  and  early  spring,  (6)  late  spring,  (c)  early 
summer  to  midsummer,  and  (</)  midsummer  to  late  summer. 


0°C.  This  rise  in  physical  temperature  is  accompanied  by  an 
increase  in  the  imaginary  part  of  the  complex  dielectric  con¬ 
stant  ;  this  increase  is  rapid  once  temperatures  are  within  a  few 
degrees  of  0°C.  During  this  period  the  interior  of  the  snow- 
pack  becomes  humid.  Figure  3 b  illustrates  the  common  oc¬ 
currence  of  cool  air  above  the  snow,  a  dry  snow  surface  layer, 
a  humid  snow  interior,  and  a  cold  ice  sheet  surface.  Moisture 
from  the  humid  snow  layer  may  collect  on  the  cold  ice  surface 
and  freeze.  The  superimposed  ice  roughens  the  ice-snow  inter¬ 
face,  illustrated  in  Figures  5b  and  6b.  This  roughness  will  in¬ 
crease  in  time  and  influence  the  microwave  signatures  of 
ThFY  and  MFY  ice  during  midsummer. 

Signatures  representative  of  late  spring  conditions  are 
shown  in  Figures  lb  and  9a.  In  contrast  with  winter  con¬ 
ditions,  FY  and  MY  ice  emissions  are  almost  identical.  The 
snow  has  attained  a  wetness  sufficiently  large  (about  2%)  that 
scene  emissivity  is  determined  by  the  snowpack  and  not  by  the 
cold  ice  sheet  below. 

Radar  contrast  at  9.6  GHz  and  3.2  GHz  is  also  reduced  (see 
Figure  9a).  Volume  scattering,  which  dominated  the  micro- 
wave  signature  of  MY  ice  during  winter  and  early  spring  at 


9.6  GHz,  has  been  reduced  effectively  by  the  humid  snowpack. 
Backscatter  at  S.2  GHz  is  affected  less  because  volume  scatter¬ 
ing  has  a  reduced  role  at  this  frequency,  scattering  from  the  ice 
surface  contributes  strongly,  and  a  penetration  depth  of  20  cm 
(3  times  that  at  9.6  GHz)  is  sufficient  to  continue  sensing  the 
surface  and  upper  portion  of  the  ice  sheet. 

Early  Summer 

Early  summer  may  be  described  as  the  start  of  the  2-month 
period  during  which  the  mean  air  temperature  remains  close 
to  0°C.  Summer  FY  and  MY  ice  microwave  signatures  will  be 
shown  to  be  very  similar.  Early  summer  signature  differences 
between  ice  types  are  at  best  subtle.  The  thoroughly  moistened 
snow  is  at  its  maximum  annual  thickness.  Free  meltwater  per¬ 
colates  through  the  snow  and  collects  at  the  snow-ice  inter¬ 
face,  forming  a  thin  layer  of  slush  as  shown  in  Figures  3c  and 
6c  or  additional  superimposed  ice  as  shown  in  Figure  3c. 

During  this  period  the  emissivities  of  MY  and  FY  ice  share 
a  common  signature,  shown  in  Figure  7c,  that  of  an  infinitely 
thick  wet  snow  layer.  In  addition,  an  emissivity  of  almost 
unity  was  obtained  at  V  polarization;  hence  the  wet  snow 
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Frequency  (GHz) 


(D>  Mdsumer 

Fig.  8.  Radar  scattering  cross  section  frequency  response  of  (a)  water  and  first-year  (FY)  and  multiyear  (MY)  sea  ice  at 
frequencies  from  4  to  17  GHz  at  HH  polarization  acquired  during  winter  by  Owtott  et  aL  [1982]  and  (b)  water  and  thin 
first-year  (ThFY),  medium  first-year  (MFY),  and  multiyear  (MY)  sea  ice  at  1.5,  5.2,  9.6,  13.6,  and  16.6  GHz  at  HH 
polarization  during  midsummer  when  the  bulk  wetness  is  5%  by  volume  (July  5,  MIZEX  ’84). 


(about  4%)  shows  the  characteristics  of  an  ideal  black  body, 
which  absorbs  all  incident  radiation,  reflecting  none,  and  is  a 
perfect  emitter. 

Data  acquired  in  conjunction  with  the  above  show  that 
backscatter  is  relatively  weak  (Figure  9b),  and  data  demon¬ 
strate  further  the  effective  absorption  of  the  incident  energy  by 
the  thoroughly  wet  snow  layer.  Roughness  measurements  indi¬ 
cate  that  its  surface  was  smooth  at  these  radar  wavelengths 
(an  rms  roughness  of  about  0.3  cm);  smooth  surfaces  produce 
weak  backscatter  at  angles  off  vertical. 

In  review,  when  the  snow  scattering  volume  is  reduced  to  a 
few  centimeters  and  the  snow  thickness  is  at  its  annual  maxi¬ 
mum,  the  wet  snow  is  extremely  effective  in  masking  surface 
ice  features  at  frequencies  as  low  as  5  GHz. 

Midsummer 

By  midsummer  the  snowpack  has  experienced  considerable 
melt.  Drained  snow  attains  a  wetness  of  about  6%  throughout 
its  interior.  As  is  illustrated  in  the  snow  wetness  diagram  in 
Figure  3c,  meltwater  continues  to  accumulate  on  the  MY  and 


TFY  ice  sheets,  creating  a  slush  layer  several  centimeters 
thick.  Draining  of  water  into  depressions  on  TFY  and  MY  ice 
contributes  to  the  formation  of  subsurface  melt  pools  as  illus¬ 
trated  in  Figure  6c.  The  slight  increase  in  liquid  water  in  the 
snow  now  limits  the  penetration  of  microwaves  to  distances 
leu  than  one  wavelength.  The  microwave  observables  contin¬ 
ue  to  be  dominated  by  the  properties  of  the  top  layer.  Emksiv- 
ity  increases  within  increasing  frequency  and  remains  “black- 
bodylike”  at  V  polarization  (see  Figure  74).  With  the  Brewster 
effect  enhancing  the  V-polarized  radiation,  surface  reflection  is 
the  dominant  reflection  mechanism.  Since  the  internal  scatter¬ 
ing  in  the  lossy  snow  is  very  small,  the  Fresnel  reflectivity 
provides  a  good  description  of  the  microwave  emission  at  H 
polarization  at  frequencies  up  to  at  least  35  GHz. 

In  Figure  8t>,  radar  backscatter  data  are  shown  for  MY, 
MFY,  ThFY,  and  open  water  at  a  30°  incidence  angle.  Snow 
wetneu  of  5%  results  in  microwave  penetration  depths  of 
about  50  cm  at  1.5  GHz,  6  cm  at  5.2  GHz,  and  2  cm  at  9.6 
GHz,  13.6  GHz,  and  16.6  GHz.  Contrast  between  MY  and 
ThFY  ice  improves  with  decreasing  frequency  (6  dB  at  1.5 
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(a)  Late  Soring  (b)  Early  Summer 


(c)  Mid  to  Late  Summer  (d)  Rain  on  Moist  Snow 

Fig.  9.  Radar  scattering  cross  sections  acquired  during  (a)  late  spring  of  thin  first-year  (ThFY),  medium  first-year 
(MFY),  thick  first-year  (TFY)  and  multiyear  (MY)  sea  ice  at  5.2  (Q  and  9.6  (X)  GHz  at  HH  polarization  when  the  surface 
snow  is  dry  and  the  bulk  wetness  is  2%  by  volume  (June  20,  MIZEX  *84),  (6)  early  summer  of  first-year  (FY)  and  multiyear 
(MY)  sea  ice  at  5.2,  9.6.  13.6  (Ku(l)),  and  16.6  (Ku(2))  GHz  at  HH  polarization  when  the  bulk  snow  wetness  is  4%  by 
volume  (June  26,  MIZEX  *84),  (c)  midsummer  to  late  summer  of  first-year  (FY)  and  multiyear  (MY)  sea  ice  at  5.2, 9.6, 13.6, 
and  16.6  GHz  at  HH  polarization  (July  25,  MIZEX  *83),  and  (4)  rainy  conditions  in  summer  of  first-year  (FY)  and 
multiyear  (MY)  sea  ice  at  3.2, 9.6, 13.6,  and  16.6  GHz  at  HH  polarization  (June  25,  MIZEX  *83). 


GHz,  4  dB  at  5.2  GHz,  and  about  2  dB  at  frequencies  from  10 
to  17  GHz).  Physical  property  measurements  suggest  that 
cross-section  differences  are  attributable  to  the  2-  to  3-cm 
roughness  elements  of  superimposed  ice  coupled  with  the  thin 
snow  cover  on  ThFY  and  MFY  ice  (snow  thickness  is  2-6  cm 
on  ThFY  and  2-14  cm  on  MFY).  These  data  show  that  uni¬ 
formly  distributed  wet  snowpack  on  MY  ice  with  a  surface 
relief  greater  than  1  m  is  effective  at  masking  ice  features. 

Midsummer  to  Late  Summer 

Some  time  after  midsummer,  open  water  melt  pools  become 
common  on  thick  ice.  About  50-60%  of  the  snow  has  melted 


(about  1  cm  per  day).  A  snow-ice  crust  is  in  place  on  elevated 
MY  ice  surfaces,  on  ThFY  ice,  and  on  MY  ice.  The  residual 
snowpack  and  snow-ice  crust  are  wet  (about  6%).  On  ThFY 
and  MFY  ice  the  snowpack  has  eroded  into  a  2-cm-thick, 
granular  snow-ice  layer,  and  former  melt  pools  consist  of  col¬ 
lections  of  candled  ice  tips  which  rise  about  1  cm  above  the 
freeboard  of  the  thin,  saturated  ice  sheet  (see  Figure  54). 

Natural  scene  intervariability  makes  it  difficult  to  determine 
if  emission  varies  with  ice  type  during  this  period.  The  data 
show  a  keen  sensitivity  to  small  physical-property  variations 
in  the  snow-ice  layer,  such  as  density,  depth  of  all  the  layers, 
grain  size,  and  wetness.  A  larger  variability  in  the  dielectric 
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Fig.  10.  Emissivity  al  50  off  nadir  in  both  vertical  (V)  and  hori¬ 
zontal  (HI  polarization  versus  frequency  representing  both  multiyear 
and  first-year  ice  measured  during  rainy  (R(  weather  with  UW/RAD 
when  the  snow  wetness  is  about  8"..  by  volume  (June  24.  MIZEX  ’84), 
midsummer  with  PAMIR  when  the  moist  (Ml  snow  wetness  is  about 
5%  by  volume  (July  7-9.  MIZEX  '83).  and  midsummer  with  PAMIR 
and  UW/RAD  when  the  upper  layer  of  the  snowpaclc  is  a  frozen  crust 
(FC)  (July  1 1.  MIZEX  '83:  June  26.  MIZEX  '84). 


constant  of  FY  ice  was  noted  during  this  period.  It  is  believed 
that  the  thinner  snow  depth  observed  on  FY  ice  allows  sens¬ 
ing  of  the  liquid  water  which  has  collected  at  certain  locations 
on  the  ice  surface.  On  average  it  is  felt  that  the  emissions  of 
FY  and  MY  ice  are  still  very  similar.  Emissivities  shown  in 
Figure  le  are  slightly  higher  than  those  shown  for  midsum¬ 
mer. 

Backscatter  from  MY  ice  is  greater  than  or  equal  to  that 
from  FY  ice;  a  contrast  reversal  has  taken  place.  Contrast 
between  ice  types  increases  with  decreasing  frequency,  shown 
in  Figure  9c.  After  midsummer,  FY  ice  roughness  elements 
have  been  eroded  by  melt  to  a  point  where  they  are  small  in 
relation  to  the  radar  wavelength;  surfaces  appear  smooth  and 
produce  weak  backscatter  (see  Figure  5 d).  Multiyear  ice  re¬ 
mains  topographically  more  rough  and  has  many  tilted  sur¬ 
faces  and  a  complex  mixture  of  ice,  snow,  and  water  features 
which  provide  a  strong  surface  scatter  (see  Figure  6d). 

Very  Heavy  Melt  or  Rain 

Heavy  melt  or  rain  causes  a  saturation  in  the  upper  portion 
of  the  snowpack,  illustrated  in  the  free  water  versus  depth 
diagram  shown  in  Figure  4a,  and  reduces  the  H-polarized 
emission  as  shown  in  Figure  10.  In  this  example  the  emissivity 
at  5  GHz  for  early  summer  conditions  is  reduced  from  0.86  to 
0.75  when  rain  increased  the  surface  wetness  from  4%  to  8%. 
The  input  of  additional  free  water  increases  the  dielectric  con¬ 
stant.  The  V-polarized  emission  is  less  sensitive  to  this  change 
due  to  Brewster  angle  effects.  The  reflectivity  at  V  polarization 
is  small,  and  changes  in  dielectric  constant  have  a  correspond¬ 
ingly  minor  effect.  At  H  polarization  a  change  in  dielectric 
constant  translates  into  a  significant  change  in  reflectivity  and 
emission.  In  addition,  as  the  wavelength  increases,  the  surface 
now  composed  of  wet  snow  grains  and  water  looks  physically 
and  electrically  smoother.  This  combination  works  together  to 
reduce  emission  at  this  polarization  and  at  low  frequencies 
dramatically.  Backscatter  intensity  was  also  reduced,  reaching 


its  summer  low  (see  Figure  9 J).  Much  of  this  reduction  is 
attributed  to  the  creation  of  a  more  specular  surface. 

Frozen  Surface  Crust 

During  periods  when  long-wave  heat  loss  dominates,  such 
as  under  cloud  free  conditions,  or  when  weather  systems 
reduce  air  temperatures,  the  upper  portion  of  the  snowpack  or 
snow-ice  layer  freezes,  forming  a  crust.  The  wetness-depth  dia¬ 
gram  is  provided  in  Figure  4 b.  An  additional  circumstance  of 
interest  is  the  mixture  of  cloud  free  and  cloudy  skies.  Cloud 
free  skies  may  produce  regions  with  frozen  surfaces;  cloud- 
covered  regions  a  few  kilometers  away  may  be  under  melt 
because  of  atmospheric  radiation. 

Freezing  of  a  snow  layer  was  limited  to  the  upper  5  cm 
typically.  The  crust  that  forms  has  an  important  characteristic 
of  snow  crystal  grain  sizes  which  have  enlarged  to  about  1.5-2 
mm  in  diameter.  The  increase  in  size  is  attributed  to  the  re¬ 
freezing  process.  Emissivity  at  37  and  94  GHz  is  reduced  sig¬ 
nificantly  because  of  scattering  within  this  layer.  The  level  of 
decrease  in  emission  correlates  with  crust  thickness.  It  is  im¬ 
portant  to  note  the  similarity  in  emission  at  94  GHz  between 
a  frozen  snow  layer  with  enlarged  ice  crystals  and  snow- 
covered  winter  MY  ice.  At  the  lower  frequencies  the  wave¬ 
lengths  are  large  compared  to  the  size  of  the  ice  crystals  in  the 
thin  crust,  so  scattering  losses  are  small  and  the  emission  is 
not  reduced.  This  scattering  behavior  can  be  understood  by 
examining  Rayleigh  scattering  of  densely  packed  ice  particles 
[ Matzler .  1985]. 

The  formation  and  disappearance  of  a  frozen  crust  contrib¬ 
utes  to  the  large  variability  seen  in  the  37-GHz  SMMR  data 
during  summer  (Figure  2).  In  contrast,  note  that  the  18-GHz 
signature  is  less  dynamic.  This  is  expected  if  the  upper  snow 
layer  is  undergoing  melt-freeze  cycling  and  not  changes  in  ice 
concentration.  The  effect  of  frozen  crust  on  backscatter  is  in¬ 
teresting.  An  increase  in  backscatter  is  expected  for  all  ice 
types  at  frequencies  above  5  GHz  due  to  an  enhanced  volume 
scatter.  Such  an  enhancement  is  not  noted  in  these  data.  How¬ 
ever,  the  relative  contrast  between  ice  types  is  expected  to  be 
preserved  and  is.  The  freezing  of  a  thin  layer  of  ice  on  open 
melt  pools  produces  a  significant  increase  in  backscatter  (ob¬ 
served  in  scatterometer  data)  for  this  feature  and  changes  the 
floe's  appearance  in  the  radar  imagery. 

Summary 

Emissions  at  5-94  GHz  and  backscatter  at  1-17  GHz  were 
measured  for  a  variety  of  sea  ice  scenes  present  in  the  summer 
at  the  marginal  ice  zone.  Data  were  obtained  with  ship-,  sled-, 
and  heliocopter-mounted  instruments.  Meltwater,  snow  thick¬ 
ness,  the  freezing  of  the  upper  few  centimaters  of  a  snow  layer, 
and  snowpack  and  ice  surface  morphology  control  the  micro- 
wave  signature  of  sea  ice.  During  the  first  half  of  summer  the 
high  absorptivity  of  a  thick,  wet  snow  greatly  reduces  the 
variability  in  sea  ice  microwave  signatures. 

Results  during  the  peak  of  summer  melt  indicate  that  physi¬ 
cal  processes  within  one  penetration  depth  in  snow  (less  than 
a  wavelength)  are  adequate  to  dominate  the  microwave  re¬ 
sponse  and  mask  surface  ice  features.  This  does  not  mean  that 
ail  ice  sheet  information  is  lost  during  summer.  Snow  and 
meltwater  are  not  distributed  uniformly  about  a  floe.  The  dis¬ 
tribution  of  free  water  is  often  related  to  snow  thickness  and 
construction  and  to  ice  sheet  type  and  deformation  character¬ 
istics.  These  ice-type-related  surface  nonuniformities  are  not 
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well  understood  and  are  being  examined  to  see  ir  they  produce 
identifiable  two-dimensional  microwave  signature  charac¬ 
teristics.  The  importance  of  surface  features  is  illustrated  by 
examining  the  cause  of  the  large  variance  observed  in  the 
SMMR  brightness  temperature  data  shortly  after  midsummer. 
Our  observations  show  a  correlation  with  a  peak  in  the  areal 
extent  of  open  water  within  floe  boundaries  on  thick  ice;  the 
more  open  water,  the  lower  the  average  brightness  temper¬ 
ature.  Note  that  prior  to  this,  meltwater  collected  in  subsur¬ 
face  pools  did  not  affect  the  average  scene  microwave  re¬ 
sponse.  Future  rises  and  falls  in  brightness  temperature  may 
coincide  with  melt-drain  cycling.  However,  as  the  end  of 
summer  is  approached,  the  contribution  to  the  signature  by  a 
melt-induced  reduction  in  ice  concentration  is  expected  to  be 
much  greater. 

The  emissions  of  FY  and  MY  ice  during  summer  were 
nearly  identical.  The  passive  microwave  data  show  an  ability 
to  map  the  spatial  distribution  of  wetness  in  the  upper  layers 
in  the  snowpack  within  floe  boundaries.  The  emission  at  95 
GHz  was  dramatic  in  its  response  to  the  freezing  and  melting 
of  the  upper  few  centimeters  of  the  snow  layer. 

Multiyear  and  FY  ice  backscatter  underwent  multiple  con¬ 
trast  reversals.  During  winter  and  late  spring,  MY  ice  cross 
sections  are  larger  than  those  of  FY  ice  due  to  strong  volume 
scatter  from  the  upper  portion  of  the  ice  sheet.  Wet  snowpack, 
with  a  maximum  seasonal  thickness  during  early  summer, 
causes  similar  signatures  for  each  of  these  ice  types.  By  mid¬ 
summer,  ThFY  ice  backscatter  is  stronger  due  to  an  increased 
small-scale  roughness  from  a  superimposed  ice  layer  which 
forms  at  the  snow-ice  interface  and  a  snow  thickness  reduced 
by  melt.  After  midsummer  the  backscatter  contrast  again  re¬ 
verses  (at  the  lower  frequencies).  The  ThFY  roughness  ele¬ 
ments  are  smoothed  by  melt,  and  MY  ice  continues  to  have  a 
complex  surface  topography.  Based  upon  the  results  to  date, 
operation  at  frequencies  of  about  5  GHz  may  be  optimal  for 
the  summer  MIZ. 

Results  suggest  that  the  ability  to  discriminate  between  the 
various  ice  types  during  summer  is  closely  linked  to  our  ability 
to  continuously  monitor  the  distribution  of  wetness  features 
within  floe  boundaries.  There  is  synergism  in  using  both  active 
and  passive  microwave  sensors  when  wetness  features  are  fully 
developed;  the  radiometer  senses  the  scene  wetness  and 
volume  scattering  properties,  and  the  radar  senses  scene  wet¬ 
ness,  volume  scattering  properties,  and  roughness. 
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ABSTRACT 

Measurements  were  made  during  the  1984 
Marginal  Ice  Zone  Experiment  to  document  the 
active  microwave  properties  of  staler  sea  Ice. 
Backscatter  data  were  acquired  at  frequencies 
from  1  to  17  GHz,  at  angles  from  0  to  70  degrees 
from  vertical,  and  with  like  and  cross  antenna 
polarizations.  Results  show  that  melt-water, 
snow  thickness,  snowpack  morphology,  snow 
surface  roughness.  Ice  surface  roughness  and 
deformation  characteristics  are  the  fundamental 
scene  parameters  which  govern  the  simer  sea  Ice 
backscatter  response.  For  example,  a  thick,  wet 
snow  cover  will  dominate  the  backscatter 
response  and  mask  any  Ice  sheet  features  below. 
However,  snow  and  melt-water  are  not  distributed 
uniformly  and  the  stage  of  melt  may  also  be 
quite  variable.  These  non-uniformities  which  are 
related  to  Ice  type  are  not  necessarily  well 
understood  and  produce  unique  microwave 
signature  characteristics. 


I.  INTRODUCTION 

Near-surface  calibrated  radar  backscatter 
data  were  obtained  of  Arctic  sea  Ice  during  June 
and  July  of  1984  as  part  of  the  Marginal  Ice 
Zone  Experiment  (MIZEX-84)(1]  In  Fram  Strait,  a 
region  located  between  Spitsbergen  and 
Greenland.  These  measurements  were  made  as  part 
of  a  remote  sensing  effort  whose  purpose  was  the 
simultaneous  collection  of  near-surface  and 
airborne,  active  and  passive  microwave  signature 
data  in  conjunction  with  the  study  of  the  key 
physical  and  electrical  properties  of  the  major 
sunnier  sea-ice  scenes  In  the  study  area.  The 
role  of  the  near-surface  data  collection  effort 
was  to  catalog  the  simmer  MIZ  scattering 
coefficients,  to  relate  specific  sea  Ice 
features  with  their  microwave  response,  to 
support  the  Interpretation  of  aircraft  and 
satellite  data  products  and  to  provide 
electromagnetic  scene-modeling  Inputs  to 
further  advance  the  unde rs Unding  of  the 
Interaction  processes  which  govern  the  sea  Ice 
backscatter  response.  Overall,  remote  sensing 
efforts  were  directed  to  the  development  of  the 
ability  to  unambiguously  convert  microwave 
signal  Information  Into  critical  geophyslcdl 
parameters.  Solid  ocean  descriptions  of  key 


Interest  Include:  (a)  Ice  type,  (b)  Ice 
thickness,  (c)  Ice  concentration,  (d)  Ice  floe 
size,  (e)  snow  and  Ice-sheet  physical  and 
electrical  properties.  If)  deformation 
characteristics,  and  (gj  kinematics. 

II.  EXPERIMENT  DESCRIPTION 

Radar  scattering  cross-section  data  were 
acquired  using  a  multi-frequency, 
multi-polarization  and  multi -anal e-of- Incidence 
calibrated  radar  (scatterometer)[Z].  This 
systma  was  operated  from  both  helicopter  and 
Ship.  Xey  radar  parameters  Included 
frequencies  of  1.5,  5.Z,  9.6,  13.6  and  16.6  GHz; 
viewing  angles  from  0  to  70  degrees  from 
vertical;  and  antenna  polarization  capabilities 
of  HH,  VV  and  MV  (M  •  horizontal,  ¥  •  vertical; 
the  first  letter  Identifies  the  transmit 
polarization  and  the  second  the  receive 
polarization).  Scenes  Investigated  Included 
small-to-vast  multiyear  (MY),  thick 
flrst-year(TFY),  medlim  flrst-year(MFY)  and  thin 
flrst-year(ThFY)  Ice.  Floes  chosen  for 
microwave  observations  were  visually 
representative  of  Ice  types  In  the  MIZ  and  the 
adjacent  pack  Ice  region.  General  Ice  condition 
descriptions,  oblique  photography,  and  detailed 
descriptions  of  snowpack  and  Ice  sheet  were 
made.  Sea  Ice  characterizations  Included  the 
description  of  the  construction  of  the  sno**>*ck , 
snow  thickness,  snow  density,  snow  wetness,  the 
measurement  of  snow-ice  complex  dielectric 
consUnts,  Ice  sheet  physical -chemical 
properties.  Ice  thickness,  and  surface  and 
sub-surface  roughness.  Ice  thicknesses  ranged 
from  30  to  well  over  300  cm.  Snoieack  was 
typically  heavy  and  wet  with  depths  up  to  60  cm 
on  many  of  the  multiyear  Ice  floes.  Melt-water 
collected  creating  a  slush  at  the  snow-ice 
Interface  on  flat  Ice  and  In  sub-surface  pools 
In  depressed  areas.  Ice,  snow  and  air 
temperatures  were  typically  within  a  cot*le 
degrees  of  0  C.  The  snow  cover  on  thin 
first-year,  medium  first-year,  thick  first-year 
and  multiyear  Ice  was  typiclally  2-6  cm,  6-15 
cm,  6-20  cm,  and  15  -  65  cm,  respectively.  Snow 
crystal  sizes  of  1-2  mm  diameter  were  typical. 
First-year  Ice  and  advanced  areas  of  melt  on  MY 
Ice  showed  3-5  mm  diameter  crystals  with 
occassional  Ice  crystal  globes  exceeding  a 
diameter  of  1  cm.  Salinities  In  the  upper  layer 
of  the  Ice  sheet  were  typically  much  less  than 
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one  part  per  thousand  for  MY  and  around  two 
parts  per  thousand  in  the  case  of  FY.  During 
the  experiment  period  the  snowpack  and  Ice 
sheets  underwent  a  transition  from  early-simmcr 
to  mid-summer  melt  conditions.  For  example,  the 
salinity  in  the  upper  Ice  sheet  decreased  In  the 
case  of  FY,  but  Increased  to  about  .3  parts  per 
thousand  for  MY  [3]. 

III.  PRELIMINARY  RADAR  BACKSCATTER  RESULTS 

Two  questions  were  central  to  the  microwave 
Investigation  during  MI2EX:  a)  what  Is  the 
Influence  of  the  MI Z  and  sunmer-mel t  on  sea  Ice 
properties  and,  b)  how  do  these  changes  affect 
the  ability  to  discriminate  Ice  from  water  and 
among  Ice  types.  Results  show  that  the  MIZ 
microwave  signatures  are  greatly  Influenced  by 
summer-melt.  In  addition,  there  Is  excellent 
correlation  between  the  evolving  sea  Ice  simmer 
scene  and  Its  microwave  signatures.  Scene 
parameters  which  have  been  found  to  have  the 
greatest  Impact  on  active  microwave  signatures 
are:  thickness  of  wet  snowpack,  distribution  of 
melt-water  about  the  Ice  sheet,  floe  topography, 
presence  and  magnitude  of  rough  surface 
scatterers,  and  the  Increased  dielectric 
constant  of  regions  composed  of  mixtures  of  Ice, 
snow,  and  water,  such  as  strings  of  hummocks  and 
surface  and  subsurface  melt  pools.  It  has  yet 
to  be  determined  If  the  MIZ  contlbutes  to 
changes  In  the  summer  microwave  signature,  other 
than  to  promote  melt,  and  by  moderating  the 
population  of  melt-pools  because  of  regional 
dynamic  forces  which  work  to  reduce  floe  size. 

In  the  MIZ  It  Is  important  to  determine  Ice 
extent  and  percent  Ice  coverage.  These  data  are 
inputs  Into  a  variety  of  geophysical  models. 
Results  show  that  there  Is  significant  contrast 
from  10  to  15  dB  between  Ice  and  water  when 
operating  at  1.5,  5.2,  9.6,  13.6  and  16.6  GHz, 
HH-polarlzatlon  and  with  angles  about  25 
degrees.  The  5.2  GHz  backscatter  response  (See 
Figure  1)  shows  that  this  contrast  exists  over 
the  range  of  angles  which  will  be  used  by 
spaceborne  synthetic  aperture  radar.  It  1$ 
expected  that  the  angular  trends  at  other 
frequencies  will  be  similar.  These  data  are 
available  and  will  be  assembled  In  the  future. 

Radar  backscatter  cross-sections  of  three 
major  Ice  scenes  acquired  during  mid-summer  peak 
melt  are  shown  In  Figures  1,  2  and  3.  These 
angular  responses  are  of  MY,  MFY,  and  ThFY  which 
have  thicknesses  of  275,  105  and  75  cm, 
respectively.  Snow  depth  ranges  are  2-10,  5-14, 
and  20-43  cm,  respectively.  Snow  wetness  of  5* 
by  volume  results  In  microwave  penetration 
depths  of  about  1-2  m  at  1.2  GHz,  5-10  cm  at  5.2 
GHz,  3-5  cm  at  9.6  GHz,  2-3  cm  at  13.6  GHz,  and 
1-2  cm  at  16.6  GHz. 

Transects  across  a  large  3  km  floe  composed 
Of  MY  and  ThFY  are  shown  In  Figure  4  for 
frequencies  from  5  to  17  GHz.  Contrast  between 
the  Ice  types  Is  6  dB  at  1.5  GHz,  3.6  dB  at  5.2 
GHz,  and  about  1.7  dB  at  frequencies  from  10  to 
17  GHz.  The  physical  properties  most 
responsible  for  the  cross-section  difference  are 
the  surface  and  subsurface  roughness  of  the 
ThFY.  Roughness  elements  of  3  cm  have 
superimposed  Ice  and  flmiflcatlon  process 
origin. 

It  Is  Interesting  to  note  that  a  balance 
exists  between  snow  absorptivity  and  the  scales 
of  roughness  at  frequencies  above  10  GHz;  while 
at  the  lower  frequencies  reduced  absorptivity 
results  In  Increased  backscatter.  Examination 


of  the  variance  of  the  backscatter  return  with 
frequency  Is  also  Instructive  (See  Figure  4  and 
Table  1).  The  effect  of  a  uniformly 
distributed  wet  snowpack  on  MY  ice  which  does 
have  meter  or  greater  surface  relief  Is  to  mask 
these  features.  This  ability  Increases  with 
Increasing  frequency  as  expected.  In  this 
example,  most  features  were  well  masked  when 
operating  above  10  GHz  and  there  Is  almost  no 
hint  of  any  surface  features  at  16.6  GHz.  In 
addition,  as  frequency  Is  reduced  there  Is  an 
exponential -like  increase  In  scene  variance. 

The  angular  response  at  5.2  GHz  of  MY,  MFY, 
ThFY  and  water  Is  shown  In  Figure  1.  MFY  has  a 
slightly  thicker  Ice  sheet  and  snow  layer  than 
ThFY,  but  similar  surface  roughness.  The 
angular  responses  of  MY  and  MFY  are  shown  as  a 
function  of  frequency  In  Figures  2  and  3. 

There  Is  a  modest  Increase  In  cross-section  with 
increasing  frequency,  but  not  as  quickly  as  the 
square  of  the  wavelength  which  means  that  there 
are  similar  roughness  scales  at  all  wavelengths. 
Comparing  the  responses  of  MY  and  MFY  suggests 
that  6  or  more  centimeters  of  snowpack  is  all 
that  Is  required  when  operating  at  frequencies 
above  5  GHz  to  effectively  mask  surface  Ice 
features.  Note  that  the  angular  responses  of 
these  Ice  types  at  these  frequencies  are  nearly 
Identical.  The  Importance  here  Is  the 
determination  of  the  number  of  penetration 
depths  of  snow  necessary  before  there  Is  an 
effective  mask.  Note  that  penetration  depth  is 
a  calculation  of  when  a  distance  Is  traveled 
over  which  transmitted  power  Is  reduce  by  1/e. 
The  scene  beyond  this  depth  still  contributes  to 
the  backscatter  response.  In  the  case  of  the 
sea  Ice  scene  described  here,  the  contribution 
below  one  penetration  depth  appears  minor. 

During  this  period,  frequencies  of  1  to  6  GHz 
are  most  applicable  for  use  In  discriminating 
these  Ice  types. 

Figure  5  was  created  to  demonstrate  the 
effect  Increasing  snow  wetness  has  on  the 
contribution  of  surface  roughness  to  the 
backscatter  response.  A  wetness  of  5*  by  volume 
Increases  the  dielectric  constant  from  1.9  to 
2.5  for  snow  with  a  density  of  about  .5 
gm/cublc-cm.  Using  an  rms  roughness  of  .3  cm 
and  a  correlation  length  of  1.8  cm.  represents 
roughness  of  a  typical  smooth  snow  scene, 
surface  scattering  responses  were  calculated  for 
1.2  and  10  GHz  and  dielectric  constants  of  l.B 
and  2.5.  A  Klrchoff  surface  scatter  model  with 
an  exponential  correlation  length,  which  has 
been  validated  as  especially  applicable  to  FY 
Ice,  was  used  for  demonstration  purposes. 

Results  suggest  that  surface  scatter  will 
Increase  about  2-3  dB  for  all  frequencies.  This 
Is  basically  due  to  an  Increased  Fresnel 
reflection  coefficient.  Additionally,  snow  of 
this  roughness  accounts  well  for  the  general 
backscatter  level  measured  at  10  GHz.  The 
signatures  at  1-2  GHz  are  very  weak  at  this 
surface  roughness  scale.  This  agrees  with 
observations  of  weak  returns  when  the  Ice  sheet 
Is  flat  and  the  snow  Is  smooth.  Returns  are 
strongest  In  areas  with  significant  Ice  features 
with  tilted  surfaces. 
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Figure  1.  Radar  scattering  cross-section 
angular  response  of  thin  first- 
year  (ThFT),  nedluM  first-year 
(MFY)  and  aultlyear  (MY)  sea  Ice 
and  open  water  (OH)  between  floes 
In  the  NIZ  at  S.2  GHz  and  HH- 
polarlzatlon  (5  July,  MIZEX-84). 
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Figure  Z.  Radar  scattering  cross-section 

angular  response  of  Multiyear  sea 
ice  at  1.5  U).  5.2  (C),  9.6  (X), 
13.6  (Kl),  and  16.6  (K2)  GHz  and 
HH-polarlzatlon  (5  July.  MIZEX-84). 


Figure  3.  Radar  scattering  cross-section 

angular  response  of  nedlun  first- 
year  sea  Ice  at  5.2  (C).  9.6  (x), 
13.6  (Kl)  and  16.6  (K2)  Gllz  and  IIH- 
potarlzatlon  (S  July,  MIZEX-84). 


Figure  4.  Radar  scattering  cross-section 

transects  across  a  large  Multiyear 
(MY)  and  thin  first-year  (IhFY)  sea 
Ice  flow  at  5.2.  9.6,  13.6  and  16.6 
GHz,  an  Incidence  angle  of  25  degrees 
and  HH-polarlzatlon  (5  July. 
H1ZEX-84). 
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TABLE  1. 

Backscatter  cross-sections  of  multiyear 
and  thin  flrsi-year  sea  Ice  at  HH- 
polarlzatlon  and  25  degree  Incidence  angle 
for  5  July  (MIZEX-04) 


MEAN  VARIANCE 


FREQ 

-GHz- 

MY 

ThFY 

MY 

ThFY 

5.2 

-16.7 

-13.1 

1.5 

2.1 

9.6 

-16.5 

-14.8 

1.1 

.67 

13.6 

-14.6 

-12.9 

.77 

.64 

16.6 

-14.1 

-12.3 

.75 

.86 

It  also  follows  that  operation  at  frequencies 
about  5  GHz  will  be  opttmal  for  the  sumter  MIZ. 
Based  upon  these  results  It  Is  expected  that  the 
ERS-1  ESA  C-band  satellite  SAR  has  the  potential 
to  discriminate  Ice  types  during  both  winter 
and  summer.  In  addition,  use  nf  multiple 
frequencies  will  allow  Information  from 
different  depths  and  Ice  features  to  he 
retrieved. 
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Figure  5.  Radar  cross-sections  of  surface 

scatter  from  wet  (e  *  2.52)  and  dry 
(e  *  1.78)  snowpack  at  1.2  and  10  GHz 
at  HH-polarlzatlon  as  derived  from  a 
Klrchoff  surface  scatter  model  with 
an  exponential  correlation  length. 
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IV.  SUMMARY 

Radar  backscatter  measurements  were  made  at 
frequencies  from  1  to  17  GHz  of  a  variety  of  sea 
Ice  scenes  present  In  the  simmer  at  the  marginal 
Ice  zone.  Data  were  obtained  with  a  ship  and 
helicopter  based  scatterometer.  Results  Indicate 
that  melt-water,  snow  thickness,  snowpack  and 
Ice  surface  morphology  control  the  microwave 
signatures  of  sea  Ice.  Results  during  the  peak 
of  the  sumer  melt  Indicate  that  one  penetration 
depth  of  snow  effectively  dominates  the 
microwave  response  and  masks  surface  Ice 
features.  Th*'  may  represent  as  11  tile  as  6  cm 
of  snow  when  rating  at  10  GHz  when  the  snow 
has  a  wetness  of  5X  by  volume.  This  does  not 
necessarily  mean  that  all  Ice  sheet  Information 
Is  lost  during  summer.  Snow  and  melt  water  are 
not  distributed  uniformly  about  a  floe.  During 
MIZEX  83  and  B4,  depth  of  snow  cover  and  stages 
of  melt  correlated  well  with  Ice  type.  Medium 
and  thin  first-year  ice  have  snow  covers 
typically  less  than  15  cm  and  enhanced  surface 
roughness.  Hence,  the  knowledge  of  the  spatial 
distribution  of  microwave  returns  Is  critical. 
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ABSTRACT 

The  "Odden"  which  Is  a  protuberance  of  sea  Ice  In 
the  Greenland  Sea  Basin  was  studied  using  the  II1MUUS-7 
Scanning  Multichannel  Microwave  Radiometer  (SMMR) 
satellite  and  an  X-band  (3  cm)  Synthetic  Aperture 
Radar  (SAR)  aircraft.  The  sea  Ice,  meteorological  and 
oceanographic  conditions  within  the  northern  portion 
of  the  Odden  was  additionally  studied  In  March  and 
April  1987  by  scientists  on  board  the  N/V  POLAR  CIRCLE 
and  R/V  HAAKON  MOS8Y.  The  SMMR  data  which  was  first 
validated  with  In  situ  ship  measurements  and  the  SAR 
data  observed  rapid  2-4  day  oscillations  of  the  Odden 
Ice  edge.  The  oscillations  at  74-75*11  were  several 
hundred  kilometers  In  extent.  The  rapid  oscillation 
of  the  Odden  does  not  appear  to  be  a  result  cf  wind 
Induced  Ice  drift,  but  rather  the  rapid  formation  of 
thin  Ice  otf  the  main  Ice  edge. 

1.  INTRODUCTION 

The  "Odden*  1$  an  extensive  protuberance  of  sea  Ice 
In  the  Greenland  Sea  Basin  that  extends  several 
hundred  kilometers  Into  the  Greenland  Sea.  The  basin 
circulation  In  the  Greenland  Sea  Is  characterized  by 
the  cyclonic  circulation  In  the  Boreas  and  Greenland 
Basins.  These  two  areas  are  also  known  to  show  large 
fluctuations  In  the  Ice  cover.  The  rapid  2-4  day 
oscillations  of  this  zonal  Ice  edge  extent  centered  at 
74*N  appears  to  be  a  near  annual  event  normally 
encountered  at  the  beginning  of  the  winter  season. 

The  sudden  occurrence  of  the  Odden  has  been  reported 
for  centuries  by  Scandinavian  fisherman  and  scalers. 
Occurrences  of  Odden  developments  have  been  observed 
by  the  SMMR  that  was  flown  on  the  NASA  H1MUUS-7 
Satellite  during  Its  nine  year  lifetime.  The  SHMI1 
Instrument  provides  Ice  concentration  and  thus  Ice 
edge. 

In  1987,  during  the  Marginal  Ice  2one  Experiment 
(MIZEX),  Odden  events  occurred.  These  events  were  not 
only  observed  by  the  SMMR,  but  was  also  Imaged  by  an 
X-band  SAR  aircraft.  The  sea  Ice  within  the  northern 
portion  of  the  Odden  was  additionally  studied  by 
scientists  on  board  the  POLAR  CIRCLE  and  HAAKON  MOSBY. 
Ocean-atmospheric  boundary  layer  studies  from  HAAKON 
MOSBY  furthermore  observed  a  preconditioning  event 
subsequently  followed  by  rapid  new  Ice  formation 
extending  over  several  100  km. 

In  this  paper  the  SAR  data  and  in  situ 
meteorological  and  oceanographic  oBservatlons  from  the 
ships  throughout  MIZEX  are  used  first  to  v.ilidate  the 
Information  obtained  from  the  SMMR.  This  passive 
microwave  data  Is  then  used  to  analyze  the  near  annual 
occurrence  of  the  Odden  and  confirm  the  hypothesis  for 
Its  formation. 


2.  UAIA  SEIS 

I  he  Fram  Strait  operating  area  for  MIZEX  'P7 
extended  along  the  Ice  edge  from  about  75*N  to  79*H 
and  5*W  to  5*E.  this  was  augmented  by  coordinated 
deep  oceanographic  sections  across  the  Fram  Stialt 
from  the  Svalbard  Shelf  to  about  0*  and  ended  with  a 
two  day  Investigation  of  the  Parents  Sea  MI7  between 
the  south  tip  of  Svalbard  and  Bear  Island. 

the  HIMI1US-7  data  used  In  this  Pdilcn  study  was 
collected  on  even  Julian  days  and  Includrd  ail  area 
from  73*  to  84*11.  Hie  parameters  of  the  SMMR  system 
are  presented  In  lablc  1. 
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The  algorithm  for  calculating  the  sea  Ice  concen¬ 
trations  and  type  from  multlspectral  radiances 
obtained  from  the  SMI-Ill  Is  discussed  In  detail 
elsewhere  [Ref.  1-2].  Briefly,  the  calculations 
utilize  the  vertically  (V)  polarized  radiances 
obtained  at  a  wavelength  of  0.8  cm  and  the 
horizontally  (M)  and  vertically  polarized  radiances  at 
the  1.7  cm  wavelength.  Ratios  of  radiance  arc  used  to 
remove  the  physical  temperature  of  the  earth's  surface 
to  first  order,  for  the  purpose  of  this 
Investigation,  the  H  and  V  radiances  at  1.7  cm  were 
selected  to  calculate  one  of  the  ratios  mentioned 
above,  the  polarization  (PR),  which  Is  used  In  the 
calculation  of  sea  Ice  concentration  (Ref.  lj.  this 
combination  was  chosen  because  It  resulted  In  the 
algorithm's  being  less  sensitive  to  the  combination  of 
different  Instrument  drifts  In  the  selected  channels 
over  the  9  year  period.  The  PR  Is  used  principally  to 
distinguish  between  sea  Ice  and  open  water  because  It 
Is  relatively  Insensitive  to  sea  Ice  type.  Another 
radiance  ratio,  the  spectral  gradient  ratio  (GR)  Is 
used  to  detect  the  Ice  type  through  the  wavelength- 
dependent  scattering  due  to  empty  brine  cells  present 
In  the  freeboard  portion  of  multiyear  Ice  and  absent 
In  first-year  Ice.  the  GR  Is  calculated  as  the  ratio 
of  the  difference  over  the  sum  of  the  vertical 
polarization  at  the  0.8  and  1.7  cm  wavelengths. 
Limiting  the  allowable  range  of  GR  Is  also  Important 
In  the  reduction  of  the  weather  effects  which 
previously  led  to  ambiguous  Interpretation  In  the  Ice 
margins  during  storm  passages  iRef.  2J.  this  Is 
particularly  useful  for  the  purposes  of  the  present 
Investigation,  since  It  enhances  the  precision  of  the 
calculation  of  Ice  area  and  extent. 

The  accuracies  of  the  calculations  of  sea  Ice  area 
(also  called  Ice  concentration)  with  the  1.7  cm  PR 
have  been  estimated  (Ref.  1]  as  about  5X  In  the 
central  pack  and  about  91  In  the  marginal  sea  Ice 
zone,  where  as  much  as  30X  of  the  Ice  may  be  thin  or 
new  and  without  snow  cover  (two  Ice  types  not  taken 
explicitly  Into  account  by  the  algorithm).  The 
precision  or  repeatability  of  the  Ice  coverage 
calculations  Is  probably  better  than  the  accuracy, 
i.e,  closer  to  the  value  expected  on  the  basis  of 
Instrument  noise  and  drift,  1-2X  for  a  single 
footprint. 

The  SAR  data  was  collected  from  75*  to  80*N  ami  10*W 
to  10*E.  Table  2  summarizes  the  Intera  SIAR-1  and  -2 
parameters.  This  SAR  system  Is  described  In  ref.  l3j. 
The  SAR  data  was  digitally  processed  on  board  the 
aircraft  and  radio  downlinked  to  the  POLAR  CIRCLE. 
Mosaics  of  the  SAR  data  were  then  generated  and 
manually/digitally  Interpreted  In  respect  to  Ice  type, 
concentration,  and  flow  size  distribution.  A 
description  of  the  SAR  analysis  Is  given  In  ref.  ldj. 
The  accuracies  of  the  SAR  Interpretations  are 
approximately  5X  In  respect  to  concentration  and  floe 
Size  distributions. 

Throughout  HIZEX  '87,  two  vessels,  the  Ice 
Strengthened  H/V  POLAR  CIRCLE  and  the  open  water  R/V 
HAAKON  MOSSY,  operated  In  the  test  area.  The  ships 
were  equipped  with  sophisticated  meteorological 
measurement  devices.  Both  ships  also  deployed  a  CTO 
and  current  meters.  Ice  samples  of  the  Oddcu  were 
obtained  by  POLAR  CIRCLE.  A  complete  description  of 
the  In  situ  MIZEX  '87  measurements  Is  discussed  In 
ref  .‘15]. 
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3.  ODDCM  OUSf RVAI IONS 

Oddcn  events  occulted  during  the  March  and  April 
HI7TX  *87  pioqiam.  Ilqutr  1  Is  innxtle  sensing  data 
Irom  29  Match  19U7,  slum  lug  the  SMHIt  deilved  ice 
concentration  (In  tens  of  percent)  along  with  the 
SIAR-l  SAR  tmayriy  anil  a  SAR  lutcipiclatlun. 
Superimposed  on  the  SHIR  concent i at  Ion  map  Is  an 
outline  of  the  SAR  coverage  (solid  line)  and  the  SAR 
derived  Ice  edge  (dotted  line). 

Ihe  SAR  derived  Ice  edge  Is  accuiate  In  absolute 
position  to  approximately  250  meters,  lire  positional 
accuracy  Is  a  result  of  utilizing  the  satellite 
navigation  provided  ship  position  to  update  the 
aircraft  Inertia!  navigation.  Ihe  altctal*  n.t»  lg  u  l-u 
system  has  a  drllt  of  approximately  1.5  lw  rer  lutii; 
thus,  the  need  to  update  with  the  ship  position.  Ihe 
comparison  brlwceu  the  SAR  and  Sllllt  as  shown  lit  flume 
I  appears  to  be  guile  good,  the  SHIR  anil  SAI!  edges 
agree  to  within  25  Lm  of  each  other.  Mils  25  1m  Is 
within  the  50  km  resolution  of  the  SHIR  sensor. 

A  portion  of  the  Otlderi  area  Is  Indicat'd  on  tire  5fR 
Interpretation  (Figure  l).  A  photograph  tal<o»  hum 
the  I’ULAR  CIRCLE  ol  this  Oddcn  area  Is  shown  In  Ilyin e 
2.  In  situ  samplings  ol  Ihe  sea  Ire  at  th"  1  <■> c •> t  Mu 
ol  t he  pliolo'li .rph  (/II* '.,11 'll  .mmI  IMU'I)  Inilh  it"l  this 
Ice  was  5-10  cm  thick  100T  gtanular  pancake  Hues  with 
a  bulk  salinity  of  approximately  8  °/oo. 

rigurc  3  Is  remote  sensing  data  from  «  Apr  1 1  pb7, 
again  showing  the  SHIR  concentration,  the  SIAR-2  Sr.tf 
Imagery  and  an  Inter prclal Ion  of  the  SAP  drta.  Mils 
SHHK/SAIt  comparison  corresponds  to  a  test  site  smith 
of  the  previous  comparison.  Mote  the  CM!  derived  edge 
again  corresponds  quite  well  to  the  SHIR  data  (I.e, 
within  approximately  25  km).  Ihe  SAI!  data  was 
collected  approximately  ten  hums  alter  the 
overflight.  It  Is  lute, rst lug  In  note  the  !>•**■  it  i  •  -n 
of  an  Oddcn  area  at  approximately  70*30’  II  and  2*  U 
that  was  not  visible  on  the  SHIR  data.  Ihis  Ice  In 
the  new  Oddcn  area  Is  composed  of  loot  granular  nllas 
3  cm  thick  with  bulk  salinity  of  appro?  Imah-I  v  ')  "r  •. 
A  pliotngi aplr  taken  from  the  I0IAR  CIPt.lf  nj  tills  nllas 
Ice  Is  shown  In  I  Igmr  4. 


Eight  years  of  NIMDUS-7  SMMR  derived  total  Ice 
concentration  were  studied  In  the  Greenland  Sea  to 
observe  Odden  growth  and  decay.  Using  75*N  and  0*  as 
a  reference  point.  Table  3,  which  was  generated  from 
analysis  of  the  NASA  Goddard  HIHims-7  SMMH  derived  Ice 
concentration  data  recorded  on  a  video  tape.  Indicates 
the  appearance  and  disappearance  of  the  Odden. 
Examination  of  Table  3  reveals  the  Initial  formation 
of  the  Odden  In  December  of  most  years  and  Its  general 
disappearance  In  late  April.  Note  the  absence  of  any 
Odden  from  13  April  1983  to  13  February  1 9€  5 . 

The  monthly  variation  of  the  Odden  can  also  be 
obtained  from  Table  3.  In  general,  the  Odden  forms  In 
December  and  remains  through  February.  During 
February,  March,  and  April  the  Odden  will  sometime 
migrate  (l.e,  grow  and  decay)  on  a  weekly  basis 
dependent  on  local  meteorological  and  oceanographic 
conditions. 
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The  eight  years  of  Goddard  processed  SHMIl  data  were 
also  used  to  study  the  maximum  extent  of  the  Odden. 

On  14  January  1979  and  2  March  1986  the  Odden  extended 
out  to  approximately  5*E  from  73*20'  to  75*40'fl.  Ihe 
areal  extent  of  this  maximum  Odden  condition  when 
compared  to  the  non-Odden  April  through  October 
condition  Indicates  200,000  square  kilometers  of  sea 
Ice  formed  from  approximately  73*  to  76*N. 

SMMR  data  from  27  March  to  8  April  1987  (Tlgure  5) 
were  studied  In  detail  to  ascertain  the  effect  of  wind 
(speed  and  direction),  air  and  sea  temperature  on 
Odden  formation.  Figure  5  Indicates  the  Odden  area 
was  relatively  constant  27-31  March,  Trom  31  March  to 
2  April  the  Odden  decayed  approximately  200  kilometers 
In  that  two  day  period.  The  Odden  again  Increased  In 
site  (approximately  75  km)  from  the  4  April  to  6  and  8 
April  19117  time  period. 

Neglecting  local  Ice  formation  and  melting,  this 
Implies  an  unusually  strong  tonal  Ice  drift  In  the 
Odden  varying  between  0. 5-1.0  m/s.  Assuming  a  free 
Ice  drift  model  the  wind  speed  required  to  provide 
this  Ice  drift  Is  calculated  to  be  between  25-50  m/s. 
Examination  of  the  local  winds  In  Figure  5  reveals 
that  the  maximum  wind  speed  was  15  m/s  during  the  27 
March  to  8  April  period. 

Thus,  a  more  feasible  explanation  Is  the  rapid 
formation  of  thin  new  Ice  off  the  main  Ice  edqc.  The 
typical  mixed  layer  temperature  off  the  Ice  edqc  In 
the  East  Greenland  Sea  during  winter  Is  less  than  -1* 

C  with  salinity  ranging  from  34.3-34.5  °/oo.  In  order 
to  set  up  deep  water  convection  and  eventually  form 
bottom  water,  the  water  must  reach  a  salinity  of  about 
34.9  °/oo  and  a  temperature  of  -1.3*C. 


We  must  thcicfnie  sc^k  a  pi c-enudlt  Inning  «*-«. haulsei 
such  as  npw<*  1 1 1  n*|  of  I  n  I  ei  ui'-'l  Into  w.um  ,iii>l  5.1 1  In*- 
water  by  eddy  diculatlon  or  Ice  edge  ppwelllng  which 
then  can  be  exposed  to  atmospheric  cooling  by  which 
the  sin  1. ice  IcmprrMntr  i  an  iliop  to  the  fire,*  lug  point 
(1 . 7 * C  lor  this  salinity).  We  suggest  that  pie.alling 
off-lce  edge  winds  with  alt  tcmpeiature  of  -in*  to  - 
20*  for  2-3  days  ate  sufficient  to  cause  this  drop. 

In  addition  to  atmospheric  cooling  the  Importance  of 
Ice  freezing  subsequently  followed  by  salt  Injection 
must  be  considered.  Regular  repeat  of  such  events 
will  significantly  Increase  the  salinity  of  t he 
surface  layer.  Ihe  relative  contribution  of  those  two 
processed  can  be  quantified  by  a  simple  model,  ihe 
oscillations  of  the  Ice  extent  lead  to  significant 
changes  In  the  vertical  heat  flux  between  the  ocean 
and  the  atmosphere. 

4.  SUMMARY 

IIIMBUS-7  SMMR  data  and  SAR  aircraft  data  was  used  to 
observe  rapid  Odden  Ire  formation  In  Ihe  last 
Gicenland  Cm  tent.  Ihe  Odden  sea  Ice  pi otiiboi  ancc 
forms  typically  In  December  of  each  year  and 
disappears  In  mid  to  late  April.  Ihe  Odden  which  Is 
not  a  result  of  wind  Induced  pack  Ice  dilft,  but 
rather  new  Ice  foimatlou  off  the  main  Ice  edge 
encompasses  ?t>o,000  square  kilometers  and  extends  to 
5*f  at  75*11  at  Its  maximum  extent.  Ihe  Odden  Is 
composed  of  ill  las  3-5  cm  thick  Ice  which  ti ansi  t Ions 
Into  5-10  cm  pancake  fines.  Ihe  Odden  was  observed  to 
decay  approximately  200  km  In  the  two  period  between 
31  March  and  2  April. 

Ihe  comparisons  between  the  sar  and  SHIR  ptoduc-d 
Ice  edge  was  quite  favorable  with  the  SAIt  edge 
(accuracy  pi  750  m)  and  the  SMMR  piodmed  edge  ( V)  V in 
resolution)  agreeing  to  within  25  kin. 
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Figure  1.  Remote  Sensing  Data  from  29  Marcti  1987  Showing  the  SMMH 
Derived  Ice  Concentration  (in  tens  ol  percent),  the  SAR  imagery 
and  an  Interpretation  of  the  SAR  Data. 
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Figure  3.  Remole  Sensing  Data  Irom 
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an  Interpretation  ol  the  SAR  Data. 
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Figure  5.  SMMR  Denved  Ice  Edge  for  the  27  March  to  8  April  1987  Time  Period.  Also  presented  on  the  figure  is  wing  speed 
and  direction  (presented  in  standard  meteorological  format),  air  and  sea  temperature. 
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ABSTRACT 

During  March  1989,  the  first  fully 
polarimetric  radar  data  of  Arctic  sea  ice 
coordinated  with  detailed  surface 
characterizations  were  obtained  in  the  Greenland 
Sea  and  at  frequencies  of  1.8,  5,  10,  and  35  GHz 
from  the  rail  of  an  ice-strengthened  ship  as  part 
of  the  Coordinated  Eastern  Arctic  Experiment 
(CEAREX).  Observations  were  made  of  numerous  ice 
forms  and  included  multiyear  ice,  first-year  ice, 
and  many  stages  of  new  ice,  with  the  addition  of 
the  thinnest  forms,  very  fine  spicules  of  ice  in 
suspension.  Transits  were  made  from  open  water 
through  the  ice  edge  and,  after  a  significant 
opportunity  when  off-ice  winds  created  a  diffuse 
marginal  ice  zone  (MIZ),  to  nearly  35  nm  through 
the  MIZ  into  the  pack  ice. 

INTRODUCTION 

During  the  eight-month  CEAREX  investigation, 
the  ice  strengthened  ship  "R/V  Polarbjorn*  was 
utilized  as  a  platform  from  which  to  measure 
active  and  passive  microwave  signatures  of  snow 
and  sea  ice.  Observations  began  with  fall  freeze- 
up,  continued  through  the  winter  ice  growth 
period,  and  were  completed  during  early  spring.  A 
study  approach  was  developed  so  that  microwave 
measurements  were  closely  coupled  to  surface 
observations  with  the  purpose  to  allow  ice  feature 
signatures  and  physical  properties  to  be 
documented  for  later  use  in  detailed  examinations 
and  in  theoretical  model  validation.  Microwave 
signature  studies  extended  from  500  MHz  to  100 
GHz,  included  complete  polarization 
diversification  (i.e.  VV,  VH,  HV,  HH),  and  complex 
data  (magnitude  and  phase)  collected  at  selected 
frequencies  from  both  ship  and  aircraft  sensors. 
The  active  microwave  measurements  and  scene 
characterization  measurements  conducted  during 
CEAREX  have  been  briefly  summarized  In  Table  1  and 
2,  respectively. 

Ouring  March,  scientific  operations  were 
carried  out  in  the  Fram  Strait  area  as  indicated 
in  Figure  1.  The  first  polarimetric  measurements 
of  sea  ice  with  documented  physical  properties 
were  made  from  ship  and  aircraft.  These 
measurements  were  conducted  to  complement  the 
other  onaolng  shipboard  passive  and  active  (non¬ 
coherent)  microwave  collections.  The 
coordination  between  the  airborne  synthetic 
aperture  radar  (SAR)  and  surface-ship  measurement 


program  is  discussed  in  a  companion  paper  titled, 
‘Comparison  of  SAR  and  Scatterometer  Data 
Collected  during  CEAREX."  Ice  types  encountered 
during  the  early  spring  conditions  (March) 
included  nilas,  new  ice  with  frost  flower  growths, 
pancake,  first-year  ridged  ice,  second  year,  and 
multiyear.  Measured  ice  thicknesses  varied  from 
less  than  a  millimeter  to  greater  than  5  meters. 
First-year  ice  thicknesses  grouped  into  0.3,  0.5, 
0.8,  and  1.6  m  bins.  In  addition  to  measurements 
at  sites  of  representative  major  ice  types,  a  in 
situ  measurement  program  similar  in  scope  to  tKat 
performed  at  the  U.S.  Army  Cold  Regions  Research 
and  Engineering  Laboratory  in  an  outdoor  tank  and 
similar  to  that  proposed  in  the  future  LEA0S 
investigation  where  the  microwave  signature  of  ice 
as  it  forms  from  open  water  and  until  it  attains  a 
several  centimeter  thickness.  In  this  case  3  cm, 
is  continuously  observed.  Additional  liquid  ocean 
measurements  were  made  st  several  positions  near 
the  ice  edge  and  under  varying  wind  speed 
conditions.  Transits  through  the  Odden,  a  feature 
of  new  ice,  many  10s  of  kilometers  in  extent, 
which  juts  out  from  the  mean  ice  edge  in  the  shape 
of  a  tongue,  was  made  on  two  occasions.  These 
polarimetric  scatterometer  observations  were 
performed  at  angles  from  20°  to  70°  and  have  been 
summarized  in  Table  3. 

Scene  characterization  measurements  were 
conducted  to  provide  documentation  of  the  general 
makeup  of  the  sites  chosen  for  study  and  to 
provide  detailed  descriptions  as  to  the 
characteristics  the  of  snowlayer,  the  low  density 
ice  layer  on  multiyear  ice,  the  high  density  ice 
layer  for  both  first  year  and  multiyear  ice  in 
terms  of  layer  thickness,  density,  salinity,  gas 
bubble  size  statistics,  bubble  geometries.  Small 
scale  roughness  measurements  of  the  ice-snow 
interface  were  also  performed  to  obtain 
information  for  their  statistical  description. 

In  making  these  scattering  measurements,  the 
amplitude  and  phase  of  the  scattered  field  at  V 
and  H  polarizations  fo*  each  of  the  like  transmit 
polarizations  (i.e.  V  an d  H)  were  measured.  These 
data  will  be  used  to  produce  covariance  matrices 
which  are  composed  of  complex  scattering 
coefficients  and  are  of  the  form 


CM  - 


<SvvSvv*>  <$vvSvh*>  <SvvShh#> 
<SvhSvv -t$vhSvh#>  <SvhShh„> 
<ShhSvv  :•  <Shh$vh  >  <ShhShh  > 


where  Spj  is  complex  and  represents  the  scattered 
field  produced  when  the  transmit  polarization  is  p 
and  the  receive  polarization  is  j.  In  the 
analysis  of  these  polarimetric  radar  data,  the 
absolute  and  relative  magnitudes  of  the  real 
scattering  coefficients  (i.e.  o°vv,  o°hh,  and 
o*v h),  the  correlation  between  the  returns  at  vv 
and  hh,  and  the  difference  in  phase  between  the 
two  co>polarized  elements  of  the  scattering  matrix 
(i.e.  0hh  -  8vv)  will  be  of  particular  interest. 

SUMMARY 

Preliminary  results  from  this  investigation  are 
summarized  in  Table  4.  Ouring  the  oral 
presentation,  the  interpretation  and  implication 
of  these  results  were  described  as  well  as  to  how 
this  information  may  impact  geophysical  satellite 
algorithms. 
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Table  2.  Ice  Characterization  Measurements 
During  CEAREX  •  88/89 

•  Snow  Characterization  (General) 

•  Surface  Roughness 

•  Low  Density  ice  Layer 

•  High  Density  Ice  Layer 

•  Density 

•  Salinity 

•  Temperature 

•  Inhomogenieties  in  ice  (Thick  Section) 

Table  3.  Ship-Based  Polarimetric  Scatterometer 
Site 


Date 

Tima 

Description 

18  Mar 

1935 

Multiyear  Ice  Floe 

19  Mar 

0000 

Open  Water-ice  Growth  Evolution 
Experiment  (T  -  0  to  5  cm) 

19  Mar 

1000 

Young  First- Year  ice  Floe 
(T  -50  cm) 

19  Mar 

1730 

New  Ice  (T  -  5.5  cm)  with  80% 
Frost  Flower  Coverage 

19  Mar 

2230 

Grey  White  First-Year  Ice 
(T  -  35  cm) 

20  Mar 

0830 

Large  Thick  Multiyear  tee 

20  Mar 

1950 

Open  Water 

21  Mar 

1150 

Multiyear  Ice 

2f  Mar 

1850 

Open  Water 

22  Mar 

1330 

Open  Water 

23  Mar 

1400 

Multiyear  Ice 

24  Mar 

1030 

Open  Water 

24  Mar 

2200 

First-Year  Ice  (T  -  1.6  m) 

26  Mar 

1200 

Multiyear  Ice 

27  Mar 

1230 

Open  Water 

28  Mar 

1150 

Multiyear  Ice 
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ABSTRACT 

Airborne  radar  measurements  Mere  acquired  in 
June  and  July  1984  with  a  frequency-modulated, 
continuous-wave  radar  scatterometer  operating  at 
5.25,  9.6,  13.6,  and  16.6  GHz  from  helicopter  over 
the  Fram  Strait  marginal  ice  zone.  Altimeter 
observations  were  coordinated  with  surface 
characterizations  so  that  reflectivities  are 
relatable  with  particular  ice  types  and  forms  and 
the  quantification  of  responsible  physical 
properties.  Results  show  that  variations  in 
reflectivity  are  directly  attributable  to  liquid 
ocean  conditions,  ice  type,  and  deformation 
characteristics.  Results  also  illustrate  that 
potentially  both  ice  extent  and  concentration  are 
geophysical  information  that  may  be  retrieved 
using  altimeters  and  that  selection  of  sensor 
parameters  Impact  the  accuracy  of  the  estimates. 
Determination  of  ice  type  based  on  reflectivity 
alone  appears  to  be  tenuous  during  summer. 

INTRODUCTION 

Monitoring  of  polar  ice  is  important  in  the 
understanding  of  the  cryosphere.  Determination  of 
ice  sheet  mass  balance  and  sea  ice  extent  and 
thickness  is  very  important  in  this  study,  since 
it  1$  known  that  these  properties  have  a 
measurable  effect  upon,  and  are  Impacted  by, 
global  climate  and  high  latitude  weather.  With 
microwave  sensor-equipped,  polar-orbiting 
satellites  these  and  other  processes  may  be 
observed  temporally  and  our  understanding 
improved.  Remote  sensing  instruments  such  as  the 
radar  altimeter  (the  subject  here),  provides  the 
means  in  which  this  may  be  done;  in  an  environment 
that  allows  very  limited  access  and  is  immense  in 
areal  extent. 

During  the  summer  of  1984,  an  experiment  was 
conducted  from  land  and  from  surface  ship  in  the 
marginal  ice  zone  in  the  Fram  Strait  region  of  the 
Greenland  Sea.  Data  were  acquired  to  evaluate  the 
ability  of  radars  operating  at  normal  incidence  to 
provide  information  which  may  be  used  to 
accurately  determine  ice  edge  location,  ice 
concentration,  ice  type  or  thickness,  and  large- 
scale  surface  roughness.  Measurements  were  made 
from  an  aircraft  equipped  with  a  13.8  GHz 
altimeter  called  the  RAL  altimeter  and  from  a 
helicopter  equipped  with  a  nadir-looking 
scatterometer  which  operated  at  5.25,  9.6,  13.6, 
and  16.6  GHz.  The  emphasis  with  the  helicopter- 


borne  instrument  was  to  provide  accurate 
scattering  coefficients  (o°)  or  reflectivities  of 
ice  with  well  documented  physical  properties  and 
to  provided  data  which  very  accurately  allows  the 
correlation  between  measured  reflectivites  with 
specific  ice  and  water  features. 

HELICOPTER-BORNE  RADAR  SCATTEROMETER 

Signatures  of  a  variety  of  summer  sea  ice 
forms  were  acquired  at  incidence  angles  from 
vertical  to  about  70°.  Multiple  antenna  transmit- 
receive  polarizations  were  also  used,  of 
significance  at  angle:  off  vertical.  Antenna 
beamwidths,  ranging  fiom  2°  to  5°  over  this 
frequency  range,  produced  ground  cells  of  from  lm 
to  2m  diameters  at  a  nominal  operation  altitude  of 
20m.  The  radar  used  was  a  wideband  frequency- 
modulated  continuous-wave  radar.  It  was  operated 
from  the  side  of  a  Bell  Model  206  small  helicopter 
and  with  a  geometry  shown  in  Figure  1.  Nominal 
system  parameters  are  provided  in  Table  1. 
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RESILES 

Data  were  acquired  by  flying  scans  from 
several  nautical  miles  inco  the  open  ocean,  across 
the  ocean-ice  edge,  and  deep  into  the  marginal  ice 
zone  until  large  floes  were  encountered.  Two  such 
examples  are  shown  in  Figures  2  and  3.  To 
illustrate  the  inverse  correlation  in  the 
magnitude  between  returns  obtained  when  operating 
at  vertical  versus  off-axis  (i.e.,  25°),  transects 
are  shown  at  (a)  9.6  GHz,  HH  polarization,  and  25° 
and  (l>)  13.6  GHz  and  0°.  Five  distinct  liquid 
ocean  signatures  were  detected.  At  vertical, 
reflectivities  became  progressively  stronger  with 
propagation  into  the  HI 2 .  Ocean  features  were 
identified  as  follows: 

open  ocean  signature, 

ocean  at  ice  edge  signature, 

ocean  at  ice  edge  no--eturn  band  signature, 

MIZ  interior-ice  ocean  signature,  and 

MIZ  interior-ice  floe  shadow  signature. 

In  the  off  axis  radar  geometry  case  these 
ocean  signatures  varied  over  a  range  of  about  20 
dB,  with  very  weak  returns  possible  in  the  ice 
interior.  In  the  vertical  geometry  as  illustrated 
in  Figure  3  very  strong  specular  returns  may  be 
produced,  up  to  17  dB  greater  than  those  produced 
in  the  open  ocean.  Hence,  water  shadowed  by  ice 
floes  is  very  smooth  and  specular  in  nature.  A 
second  observation  is  that  returns  produced  from 
sea  ice  in  the  MIZ  with  a  moist  snowpack  are  as 
much  as  30  dB  weaker  than  the  returns  produced  by 
the  liquid  ocean.  Ice  reflectivities  at  vertical 
for  ice  with  a  thick  snow  cover  are  about  B.5  dB 
lower  than  that  of  the  oprn  ocean.  With  identical 
surface  roughnesses  a  difference  of  8.7  dB  is 
anticipated  due  to  an  almost  order  of  magnitude 
difference  in  their  dielectric  constants. 

A  summary  of  radar  scattering  coefficients 
and  their  standard  deviations  for  seven  general 
scene  classes  is  provided  in  Table  2.  Detection 
of  the  ice  edge  is  not  difficult  in  either  the  0° 
and  25°  viewing  angle  cases  given  knowledge  of  the 
expected  edge  ocean-ice  microwave  signature 
responses.  It  is  also  apparent  that  positioning 
errors  may  be  possible  and  are  dependent  on 
altimeter  algorithm  properties.  A  potential 
example  is  the  dead  water  zone  (2km  width)  at  the 
ice-ocean  interface  which  may  be  confused  with 
grease  ice. 

Relationships  between  regional  scattering 
coefficients  and  ice  concentrations  were 
determined  at  9.6  GHz  and  25°,  at  13.6  GHz  and  0°, 
and  9.6  GHz  and  0°,  and  are  shown  in  Figure  4  to  6 
respectively.  Regional  averages  were  performed  in 
the  log  domain  and  linear  relationships  between 
cross-sections  and  ice  concentration  resulted  for 
both  the  on-axis  and  off-axis  cases.  This 
relationship  result  is  expected  for  our  case  where 
resolution  is  of  at  least  a  scale  finer  than  the 
size  of  individual  ice  floes  or  the  spacing 
between  ice  floes  and  where  there  is  ample 
contrast  between  ice  and  water. 

The  difference  in  the  -eflectivities  between 
ice  types  is  small,  typically  on  the  order  of  5 
dB,  and  attributable  to  rn-nor  variations  in 
surface  roughness  scales.  However,  floes,  such  as 
heavily  meltpooled  multiyear  ice  (a  case  shown  in 


Table  2),  are  also  capable  of  producing  large 
reflectivities.  In  a  case  at  5.25  GHz, 
reflectivities  similar  to  those  of  the  interior 
ocean  were  produced.  An  additional  feature  of 
significance  in  describing  ice  and  ocean 
reflectivities  at  vertical  is  the,  oftentimes, 
very  large  standard  deviation  in  signal  returns. 
This  and  the  similarity  between  ice  type  mean 
reflectivities  suggests  that  ice  type 
discrimination  based  on  reflectivity  during  summer 
will  be  difficult. 
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TatXe  2.  Radar  Scattering  Coefficients  (dB)  at  Vertical'”'* 
in  the  Margnai  Ice  Zone  on  5  July  1984 
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ABSTRACT 

Coincident  three  frequency  aircraft  synthetic 
aperture  radar  (SAR),  NOAA  satellite  Advanced 
Very  High  Resolution  Radiometer  (AVHRR),  and  ONSP 
satellite  Special  Sensor  Microwave  Imager  (SSM/I) 
data  were  collected  during  the  Seasonal  Ice  Zone 
Experiment  (SIZEX)  phase  of  the  Coordinated 
Eastern  Arctic  Experiment  (CEAREX).  The 
SIZEX/CEAREX  experiments  discussed  in  this  paper 
occurred  in  the  March  1989  time  frame  in  the 
Greenland  Sea  Marginal  Ice  Zone  (MIZ),  centered 
at  approximately  77*  N  and  0*  longitude.  The 
aircraft  X-,  C-,  and  L-band  SAR  data  were  co¬ 
registered  on  a  5  km  grid  with  the  passive 
optical  AVHRR,  Infrared  AVHRR,  and  passive 
microwave  SSH/I  data.  The  SAR  had  a  resolution 
of  approximately  10  meters  while  the  AVHRR  and 
SSM/I  resolutions  were  1  km  and  25  km, 
respectively. 

Ice  information  from  individual  sensors  were 
first' compared,  then  the  sensor  measurements  were 
used  together  to  provide  information  on  ice- edge 
location,  spatial  ice  type  maps,  and  ice 
concentration.  In  addition.  Information  on  the 
locations  of  eddies,  local  wind  speed,  and  sea 
surface  temperature  over  the  non- ice  covered 
areas  of  the  MIZ  were  generated.  Data  fusion  of 
SAR  and  SSM/I  data  proved  to  be  particularly 
useful  in  separating  open  leads  from  frozen 
leads. 

KEYWORDS:  SAR,  SSM/I,  AVHRR,  data  fusion,  CEAREX, 
marginal  ice  zone,  sea  ice,  concentration 

1.0  INTRODUCTION 

This  paper  describes  the  fusion  of  synthetic 
aperture  radar  (SAR),  Special  Sensor  Microwave 
Imager  (SSM/I),  and  NOAA  Advanced  Very  High 
Resolution  Radiometer  (AVHRR)  data  to  study 
arctic  processes.  These  data  were  collected 
during  the  SIZEX/CEAREX  experiments  that  occurred 
In  the  Greenland  Sea  in  March  of  1989. 

By  the  turn  of  the  century  large  amounts  of 
SAR  satellite  imagery  of  the  polar  regions  will 
be  available.  These  data  will  come  from  a  series 
of  satellites;  European  ERS-1,  Canadian  RAOARSAT, 
Japanese  ERS-1,  SIR-C/X-SAR,  and  EOS.  Thus,  the 
combination  of  SAR,  SSM/I  and  AVHRR  satellite 
data  will  become  central  to  the  assessment  of 
arctic  environments. 
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2.0  SIZEX/CEAREX  DATA  SET 

The  SIZEX/CEAREX  data  discussed  in  this  paper 
was  collected  on  17  and  20  March  1989  in  the 
Greenland  Sea  Marginal  Ice  Zone  (MIZ)  centered  a: 
approximately  77*N  and  0*  longitude.  The  17  and 
20  March  data  are  representative  of  nine 
coincident  SAR,  SSM/I,  and  AVHRR  data  sets 
collected  during  the  month  long  expedition. 

The  ice  strengthened  research  vessel  Aom/enyn 
operated  within  the  scene  covered  by  the  SAR 
mosaic  and  satellite  data.  Sea  truth, 
meteorology,  and  physical  Ice  property 
measurements  were  made  from  the  ship.  Table  1  is 
an  example  of  the  types  of  sea  ice  and  their 
physical  properties  characterized  during  the 
remote  sensing  collections.  The  wind  speed  and 
air  temperature  as  measured  by  the  ship  for  17 
and  20  march  were  5.4  m/s,  -23.2‘C,  3.5  m/s  and  - 
15*C  respectively. 

The  high  resolution  SAR  was  also  used  to 
detect  icebergs  and  gravity  waves  as  they 
propagated  from  the  open  ocean  into  the  ice  pack, 
although  this  will  not  be  discussed  In  this 
paper. 

Figure  1  presents  the  SSM/I,  AVHRR  and  SAR 
data  for  20  March.  The  25  km  resolution  SSM/I 
brightness  temperatures  were  converted  to  total 
ice  concentration  and  multiyear  fraction  using 
the  standard  NASA  algorithms  [1]  and  converted  to 
surface  wind  speed  over  open  water  using  a  Navy 
algorithm  [2].  The  1  km  resolution  AVHRR  channel 
4  (infrared)  was  transformed  directly  into  sea 
surface  temperature  values.  This  data  along  with 
the  AVHRR  channel  2  (visible)  data  is  presented 
in  Figure  1.  The  SAR  data  in  Figure  1  has  a 
resolution  of  approximately  10  m  and  a  wavelength 
of  5.6  cm  (C-band)  with  vertical  transmit  and 
receive  polarization.  Recall  that  the  new 
European  Space  Agency  ERS-1  SAR  satellite  will 
use  the  same  frequency  and  polarization 
combination  [3].  The  Images  in  Figure  1  were 
each  scaled  differently.  The  SSM/I 
concentrations  were  scaled  between  0  and  100% 
where  0  is  black  and  100%  is  white.  The  SSM/I 
wind  speed  estimates  were  scaled  between  o 
(black)  and  40  (white)  knots.  The  AVHRR  derived 
surface  temperatures  were  scaled  between  -25’C 
(black)  and  0*C  (white). 

The  SSM/I  and  AVHRR  data  products  described 
above  were  resampled  on  a  5  km  grid  and 
coregistered  based  on  their  latitude  and 
longitude  values.  The  SAR  mosaic  for  20  March 


was  manually  interpreted  on  a  5  km  grid  as 
described  in  [4]  to  extract  total  ice 
concentration,  multiyear  fraction,  floe  size, 
lead,  and  ridge  statistics  (see  table  3).  This 
data  was  also  registered  on  the  same 
latitude/longitude  grid  to  facilitate  comparisons 
between  the  sensors. 

3.0  OATA  FUSION  RESULTS 

Each  of  the  three  sensors  provides  a  number  of 
geophysical  data  products  for  the  Polar  Ocean 
region.  Table  2  summarizes  each  of  these  data 
products  as  well  as  presents  parameters  that  can 
be  enhanced  by  combining  the  individual  sensors. 

A  comparison  of  ice  products  generated  from 
individual  sensors  can  be  generated  to  test 
consistency  between  sensors.  Figures  2  and  3 
compare  the  SAR  derived  total  ice  concentrations 
with  those  obtained  from  the  SSN/I  for  17  and  20 
March,  respectively.  In  general  the  agreement  is 
quite  good.  The  same  is  not  true  for  the 
multiyear  fraction  comparisons  (see  Figures  4  and 
5).  On  both  days  the  SSM/I  under-predicted  the 
multiyear  fraction  when  compared  to  the  SAR.  The 
coarse  resolution  of  the  SSM/I  (25  km)  may  be  the 
cause  of  the  underestimate.  Fusion  of  the  high 
resolution  SAR  (10  m)  can  alleviate  this  problem. 

Figure  6  shows  a  blending  of  the  SAR,  SSM/I, 
and  AVHRR  data  products  and  demonstrates  how  a 
composite  picture  of  the  MIZ  can  be  constructed 
by  data  fusion.  The  ice  edges  derived  from  each 
sensor  individually  are  compared  in  Figure  6. 

The  three  edge  lines  agree  to  within  25  km  (the 
resolution  of  the  SSM/I).  Note  that  the 
combination  of  the  sensors  presents  a  fairly 
complete  environmental  picture  of  the  MIZ. 

Additional  data  products  can  be  derived  from 
the  sensors  by  combining  the  raw  data  values  from 
multiple  sensors  first,  and  then  deriving  Ice 
information.  Figure  7  presents  the  results  of 
combining  the  SAR  Intensity  values  with  the  SSM/I 
37  GHz  horizontal  polarized  brightness 
temperatures.  Notice  that  the  SAR  alone  cannot 
differentiate  open  water  from  first  year  ice,  but 
a  combination  of  the  SAR  and  the  SSM/I  can  easily 
differentiate  the  two.  While  the  SSM/I  alone 
does  a  good  job  of  this,  fusing  the  SAR  with  the 
SSM/I  a  data  product  of  much  higher  resolution 
can  be  obtained.  This  result  may  allow  one  to 
more  accurately  classify  the  various  stages  of 
lead  evolution.  Surface  winds  over  the  leads  and 
at  the  Ice  margins  may  also  be  more 
differentiable  using  a  combination  of 
active/passive  microwave  sensors. 

4.0  CONCLUOIM  REMARKS 

Using  a  data  set  In  the  MIZ  of  the  Greenland 
Sea,  SAR,  SSM/I,  and  AVHRR  data  was  compared  and 
then  blended  to  provide  a  more  accurate  picture 
of  the  sea  ice  and  liquid  ocean  geophysics. 

Octal  led  comparisons  between  the  SAR,  AVHRR,  and 
SSM/I  Indicated: 

1)  The  Ice  edge  position  was  In  agreement  to 
within  25  km, 

2)  The  SSM/I  SAR  total  Ice  concentration  compared 
favorably,  however  the  SSM/I  significantly 
underpredicted  the  multiyear  fraction, 

3)  Combining  high  resolution  SAR  with  SSM/I  can 
potentially  map  open  water  and  new  Ice 
features  In  the  MIZ  which  can  not  be  mapped  by 
the  single  sensors,  and 


4)  The  combination  of  all  three  sensors  pro.ijeB 
accurate  ice  information  as  well  as  sea  ■ 
surface  temperature  and  wind  speeds.  ■ 
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Table  2. 

Remote  Sensing  Derived  Polar  Ocean  Geophysical  Parameters  vs.  Sensor 


Geophysical 

Parameter 

SAR 

SSM/I 

AVHRR 

Comb’ net io- 

Total  Ice 
Concentration 

Yes 

Difficult  at 
the  MIZ 

Difficult  at 
the  MIZ 

Needed  for  mi;  irz  i 
First-Year  vs.  1 

Ocen  Water 

Multi-Year  Fraction 

Yes 

Yes 

No 

SAR,  SSM/I  I 

Improves  Accuracy  ! 

Floe  Size 

Yes 

No 

1  km  or  Greater 

Not  Needed  1 

Ridqes 

Yes 

No 

No 

Not  Needed  1 

Leads 

Yes 

No 

1  km  or  Wider 

SAR/SSM'I  Will 
Discriminate  Coen 
Water  vs.  Hew  Ice  1 

Ice  Eddies 

Yes 

No 

No 

Not  Needed 

Eddies  in  Open 
Water 

Maybe  . 

No 

Yes 

AVHRR/SAR  Will 

Mao  Ooen  Water 

Winds  at  Ic*  Edge 

Maybe 
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No 

SAR/SSM/I  can 
Potentially 
Produce  High 
Resolution 
Estimates 

Ice  Kinematics 

Yes 

No 

Gross  Movement  Only 

Icebergs 

Yes 

No 

La  >  1  km 

Not  Needed 

Gravity  Wave 
Propagation  Into 
the  Ice 

Yes 

No 

No 

Not  Heeded 

Table  3. 


Manual  Interpretation  of  the  SAR  March  20  Mosaic 
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31.4%  of  Image  Contained  Leads 
<  1%  of  Image  Contained  Major  Ridges 


* 


Figure  2.  Comparison  of  SAR  and  SSM/I  c. 

Total  Ice  Concentration  for  17  March  M'?.ure  5-  Comparison  of  SAR  and  SSM  I 
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Figure  3.  Comparison  of  SAR  and  SSM/I 
Total  Ice  Concentration  for  20  March 
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Figure  7.  Ice  Type  Derivation  From 
Combination  of  SAR  and  SSM/I 
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ABSTRACT 

Near-surface  millimeter  and  microwave 
measurements  were  made  during  the  September- 
October  1989  segment  of  the  Coordinated  Eastern 
Arctic  Experiment  (CEAREX)  in  regions  located  to 
the  North  and  East  of  Svalbard.  Microwave 
signatures  and  physical  properties  were  acquired 
at  a  large  number. of  stations  and  included  floes 
composed  of  first-year,  multiyear,  pancake,  and 
new  sea  ice.  One  of  the  unanticipated  success 
stories  of  CEAREX  was  the  finding  of  systematic 
variations  in  the  thickness  and  density  of  the  ice 
located  in  the  uppermost  portion  of  multiyear  ice 
sheets.  Understanding  the  formation  of  this  layer 
and  its  microwave  signature  is  important  to 
interests  in  both  global  climate  change 
(potentially)  and  remote  sensing  science. 

DISCU  iSION 

Backscattering  data  wore  collected  from  the 
wheelhouse  of  the  ice-strengthened  ship  *R/V 
Polarbjorn"  and  from  a  slod-based  tower  using 
polarization  diversified  -adars  operating  at  0.5, 
1.5,  5.25,  9.38,  18,  35,  and  94  GHz  over  the 
incidence  angle  range  from  15°  to  80°.  Data  were 
acquired  during  transit  (i.e.,  for  spatial 
statistics)  and  when  at  station  (i.e.,  very 
detailed  coordinated  measurements).  Measured  ice 
thicknesses  ranged  from  0+  to  over  5  meters. 

Scene  characterizations  (general  description, 
layer  thickness,  density,  salinity,  gas  bubble 
size  statistics,  bubble  geometries,  and  surface 
roughness  statistics)  and  aassive  microwave 
observations  were  also  an  integral  part  of  this 
program. 

Understanding  physical  property  and  microwave 
signature  variations,  a  goal  of  this  effort,  is 
important  in  the  study  of  ice  physics  and  to  the 
process  of  retrieving  geophysical  information. 
Observations  by  the  author  on  previous 
investigations  clearly  indicate  that  the  physical 
properties  in  the  upper  few  centimeters  of  cold 
multiyear  ice  dominate  the  backscatter  response  at 
frequencies  greater  than  about  5  GHz.  The 
conditions  found  during  CEAREX  could  not  have  been 
better  ••  they  were  laboratory- like  in  all 
aspects.  A  critical  feature  of  these  data  is  the 
diversity  cf  the  measurements  with  observations  at 
sites  where  the  upper  ice  sheet  layer  thickness 
ranged  between  0  and  20  cm,  density  from  0.75  to 
0.9  qm  cm*J,  and  gas  bubble  size  from  0.5  to  3  mm 
(illustrated  in  Table  1).  An  example  sled 
transect  is  shown  in  Figure  1  to  illustrate  signal 
variation  along  the  Drift  Station  track.  This 
detail  adds  considerably  to  the  ability  to 


theoretically  model  multiyear  backscatter  to  the 
study  of  how  the  properties  of  this  layer, 
particularly,  density  and  gas-bubble  size 
statistics,  vary  with  layer  thickness,  ice 
thickness,  and  ice  age.  Results  relating  the 
microwave  response  to  ice  properties  and  how  this 
information  impacts  geophysical  satellite 
algorithms  was  presented. 
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Figure  I.  Backscatter  Response  Along  Drift 
Station  Study  Track 
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ABSTRACT 

The  pressure  for  energy  independence 
and  the  natural  resources  of  the  Arctic 
make  year-round  geological  exploration  in 
this  region  a  high  priority.  A  major  ob¬ 
stacle  to  the  achievement  of  this  goal  is 
the  lack  of  real-time  information  on  sea 
ice,  -  including  its  dimensions  and  dynam¬ 
ics.  The  age  or  thickness  of  ice  deter¬ 
mines  the  class  of  ship  or  icebreaker 
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discussions  on  the  ability  of  SAR  to  detect 
ice  types  of  various  thicknesses  and 
icebergs. 


I.  INTRODUCTION 

The  pressure  for  energy  independence  and  the  natural  resources  of  the 
Arctic  make  year-round  geological  exploration  in  this  region  a  high  priority. 

A  major  obstacle  to  the  achievement  of  this  goal  is  the  lack  of  real-time  in¬ 
formation  on  sea  ice  -  its  extent  in  both  vertical  and  horizontal  dimensions, 
and  its  dynamics.  The  age  or  thickness  of  ice  determines  the  class  of  ship 
or  icebreaker  needed  to  safely  navigate  and  also  its  fuel  consumption.  The 
movement  of  ice  masses  Influences  decisions  regarding  location  and  scheduling 
of  drilling  operations,  as  well  as  actions  to  suspend  activity  at  certain  ice- 
threatened  sites.  This  movement  of  sea  ice  can  be  caused  by  wind  shear,  ocean 
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currents,  surface  gravity  waves,  or  a  combination  of  all  three.  This  paper 
investigates  the  ability  of  synthetic  aperture  radar  (SAR)  to  image  ocean  sur¬ 
face  gravity  waves  as  they  propagate  into  and  through  sea  ice.  Also  presented 
are  brief  discussions  on  the  ability  of  SAR  to  detect  ice  types  of  various 
thicknesses  and  icebergs. 

Synthetic  aperture  radar  is  a  side-looking  coherent  imaging  radar  that 
uses  the  motion  of  a  moderately  broad  physical  antenna  beam  to  synthesize  a 
very  narrow  beam,  thus  providing  fine  azimuthal  (along-track)  resolution 
(Brown  and  Porcello,  1969:  Harger,  1970).  Fine  range  resolution  is  obtained 
by  transmitting  short  pulses  or  longer  coded  pulses  which  are  compressed  into 
equivalent  short  pulses,  usually  the  coded  pulse  is  a  waveform  linearly  modu¬ 
lated  in  frequency.  Historically,  in  SAR  systems,  the  phase  history  of  a 
scattering  point  in  the  scene  is  recorded  on  photographic  film  as  an  ana- 
morphic  (astigmatic)  Fresnel  zone  plate.  The  parameters  of  the  zone  plate 
are  set  in  the  azimuth  direction  by  the  Doppler  frequencies  produced  by  the 
relative  motion  between  the  sensor  and  the  scatterer,  and  in  the  range  direc¬ 
tion  by  the  structure  of  the  transmitted  pulses.  The  film  image  is  a  collec¬ 
tion  of  superimposed  zone  plates  representing  the  collection  of  point  scat- 
terers  in  the  scene.  This  film  is  used  by  a  coherent  optical  processor  which 
focuses  the  anamorphic  zone  plates  into  the  points  which  produced  the  micro- 
wave  scatter  of  the  scene  (Kozma,  et  al. ,  1972).  Recently,  SAR  systems  have 
employed  digital  techniques  to  both  record  and  process  the  data.  Digital 
processing  typically  uses  matched  filtering  techniques  to  "dechlrp"  the  signal 
in  range,  while  fast  Fourier  transform  (FFT)  techniques  achieve  the  required 
azimuthal  compression  of  the  SAR  Doppler  history  (Ausherman,  1980). 
Specially-designed  digital  processors  have  also  been  designed  for  real-time 
processing  of  SAR  data  aboard  the  aircraft  for  display  or  to  be  transmitted 
to  a  ground  receiver  via  a  digital  downlink. 

The  SAR  data  used  in  this  study  were  collected  by  the  Environmental 
Research  Institute  of  Michigan  (ERIM)  SAR  system*  operating  at  X-  and  L-band 
(3.2  and  23.5  cm  wavelengths,  respectively).  This  system  can  operate  in 
either  a  four-channel,  narrow  swath  mode,  or  in  a  single-channel,  wide  swath 
mode.  In  four -channel  operation,  alternate  X-  and  L-band  pulses  (chosen  to 
be  either  horizontally  or  vertically  polarized)  are  transmitted,  and  reflec¬ 
tions  of  both  polarizations  received;  thus,  four  channels  of  radar  imagery 
are  simultaneously  obtained.  Both  polarizations  of  X-band  are  recroded  on 
one  film,  both  polarizations  of  L-band  on  another.  The  slant  range  swath 
width  for  each  channel  is  approximately  5.8  km.  In  the  wide  swath  mode,  only 
X-band  horizontally-polarized  pulses  are  transmitted  and  received  to  obtain  a 
total  slant  range  swath  width  of  approximately  21  km.  The  nominal  resolution 
for  the  system  in  either  mode  is  approximately  3  m  for  both  slant  range  and 
azimuth.  Recently,  a  C-band  (5.3  cm  wavelength)  capability  has  been  added  to 
this  system.  A  more  detailed  description  of  this  SAR  system  is  given  by 
Shuchman,  et  al.  (1982).  This  system  also  has  a  real-time  processor  (RTP) 
which  processes  a  single  channel  of  data  into  imagery  for  display  aboard  the 
aircraft.  The  output  of  the  RTP  is  of  low  quality  and  is  typically  only  used 
to  check  flight  line  locations. 

II.  SAR  IMAGING  OF  OCEAN  WAVES  IN  SEA  ICE 

In  numerous  regions  of  the  Arctic,  large  areas  of  sea  ice  border  on  large 
stretches  of  open  water.  These  areas  are  typically  subject  to  cyclic  ice 
ablation  and  accretion  resulting  in  a  very  complex  and  highly  mobile  boundary 
between  open  water  and  sea  ice.  One  of  the  more  spectacular  processes  to  be 
observed  at  the  ice  edge  is  the  propagation  of  large  ocean  waves  into  the 
pack.  The  wave  damping  that  takes  place  immediately  attenuates  the  shortest 


This  SAR  system  is  now  jointly  owned  by  the  Canada  Centre  for  Remote  Sensing 
(CCRS)  and  ERIM  and  is  housed  in  the  CCRS  Convair  580  aircraft.  Collectively, 
it  is  now  known  as  the  SAR  580  System. 
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waves,  but  long  swell  can  propagate  many  tens  or  even  hundreds  of  kilometers 
into  the  pack.  It  has  been  reported  that  the  energy  decay  of  waves  in  pack 
ice  is  exponential  with  an  attenuation  coefficient  which  increases  with  wave 
frequency  (Squire  and  Moore,  1980).  It  has  further  been  observed  that  the 
size  of  floes  increases  with  increasing  distance  into  the  pack.  This 
phenomena  has  been  related  to  the  energy  in  the  waves  that  penetrate  that 
distance  into  the  pack  (Squire  and  Moore,  1980).  An  additional  study,  which 
examined  the  response  of  a  tabular  ice  island,  concluded  that  wave  fracture 
mechanisms  not  only  determine  the  ice  floe  sizes,  but  limit  the  maximum  size 
of  iceberg  to  be  seen  in  the  open  oceans  (Goodman,  et  al. ,  1980).  Recent  work 
has  also  shown  that  waves  exert  a  radiation  pressure  on  the  ice.  This  has 
been  proposed  as  a  mechanism  by  which  polynyas  open  to  form  ice  belts  in  re¬ 
sponse  to  offshore  winds  (Wadhams,  1983).  Ocean  swell  also  acts  to  consoli¬ 
date  or  compress  the  ice  into  the  pack,  thereby  making  it  less  navigable,  and 
also  modifying  the  heat  exchange  with  the  atmosphere. 

Typically,  measurements  of  waves  in  an  ice  field  have  been  made  by  in¬ 
strumenting  individual  floes  within  the  pack,  although  some  work  has  been 
reported  using  airborne  laser  profiles  (Wadhams,  1975),  and  submarine-borne 
upward-looking  sonars  (Wadhams,  1978).  One  of  the  great  advantages  of  using 
a  high-resolution  SAR  to  image  waves  in  the  ice  pack,  is  that  all  the  effects 
described  above  can  be  quantified  by  the  same  instrument  at  nearly  the  same 
time.  The  waves  in  the  open  sea,  which  drive  the  process,  can  be  quantified 
(Shuchman,  et  al.,  1983),  or  the  waves  in  the  ice  can  similarly  be  measured 
(Raney  and  Lowry,  1978),  polynyas  can  be  observed,  floe  sizes  may  be  measured, 
and  ice  dynamics  can  be  observed  (Mercer,  1981).  These  capabilities  coupled 
with  the  weather  and  solar  lllunination  independence  and  the  ability  to  pro¬ 
vide  near  real-time  high-resolution  imagery,  makes  SAR  an  ideal  sensor  with 
which  to  study  these  wave/ice  interactions. 

Four-channel  SAR  imagery  of  ocean  waves  in  pack  ice  is  presented  in 
Figure  1.  These  data  were  collected  using  horizontally-transmitted  pulses  on 
25  February  1977  in  the  Labrador  Sea  near  Hopedale.  The  waves  in  these  images 
are  propagating  from  left  to  right.  Several  points  should  be  emphasized  re¬ 
garding  the  imagery.  First,  notice  the  rapid  attenuation  of  the  waves  in  the 
imagery  as  they  propagate  into  Che  large  consolidated  flow  in  the  right  por¬ 
tion  of  the  imagery.  This  attenuation  is  most  likely  caused  by  the  rigid 
nature  of  the  large  floe  not  allowing  orbital  motions  to  occur.  Additionally, 
note  the  non-sinusoidal  nature  of  the  intensity  distribution  across  the  wave; 
this  is  particularly  noticeable  in  the  left  portion  of  the  imagery.  Presented 
in  Figure  2  is  a  single  channel  of  SAR  imagery  of  ocean  waves  propagating 
through  ice-free  water  during  the  GOASEX  Experiment  (Gonzalez,  et  al. ,  1979). 
These  data  were  collected  by  the  same  SAR  system  and  show  nearly  equal  widths 
of  alternating  bright  and  dark  areas  corresponding  to  the  waves.  The  non- 
sinusoidal  intensity  variation  of  waves  in  ice  is  also  manifested  by  harmonics 
of  the  dominant  wavelength  in  Fourier  transforms  of  the  data  (Lyzenga,  et  al., 
1983). 

The  imagery  presented  in  Figure  1  was  limited  in  extent  and  thus  did  not 
include  Che  waves  prior  to  entering  Che  pack.  An  analogous  data  set  collected 
by  the  SAR  580  System  did  include  waves  propagating  in  the  open  ocean, 
entering  the  pack,  and  finally  disappearing  in  the  Imagery,  all  within  a 
single  pass.  This  data  set  allowed  the  transformation  of  waves  as  imaged  by 
the  SAR  to  be  studied  as  a  function  of  distance  into  the  pack.  Due  to 
proprietary  restrictions  placed  on  these  data  by  the  sponsoring  organization, 
the  processed  Imagery,  flight  date,  and  collection  area  cannot  be  disclosed 
at  this  time.  These  data  were  optically-processed  and  digitized  using  the 
ER1M  Hybrid  Image  Processing  Facility  (HIPF)  described  by  Ausherman,  et  al. 
(1975).  By  going  to  digital  recording,  the  authors  were  able  to  study  the 
transformation  of  the  waves  as  they  propagate  through  the  ice  using  digital 
fast  Fourier  transform  (FFT)  techniques.  For  a  complete  description  of  this 
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process,  the  reader  is  referred  Co  McLeish,  et  al.  (1981).  Estimates  of 
dominant  wavelength  and  direction  were  produced  as  a  function  of  distance 
into  the  pack  and  are  shown  plotted  in  Figures  3  and  4,  respectively.  The 
dominant  wavelengths  are  seen  to  increase  from  the  time  the  waves  enter  the 
pack  until  they  disappear  on  the  imagery.  These  increased  lengths  are 
consistent  with  previous  work  done  by  Squire  and  Moore  (1980) ,  who  reported 
that  the  energy  decay  of  waves  in  pack  ice  is  exponential  with  an  attenuation 
coefficient  which  increases  with  wave  frequency. 

The  direction  of  the  dominant  waves  is  also  seen  to  change  with  increas¬ 
ing  distance  into  the  pack.  The  physical  mechanism  responsible  for  this 
changing  direction  is  not  clearly  understood  at  this  time.  Past  measurements 
of  waves  in  ice  were  not  capable  of  detecting  wave  direction  due  to  their  one¬ 
dimensional  nature.  Clearly,  SAR  provides  a  unique  and  valuable  method  of 
studying  the  characteristics  of  waves  as  they  propagate  into  the  pack. 

Three  principal  SAR  imaging  mechanisms  have  been  proposed  for  gravity 
waves  in  non-frozen  water  (Alpers,  et  al. ,  1981).  These  include  (1)  tilt 
modulation,  (2)  hydrodynamic  modulation,  and  (3)  velocity  bunching.  The  first 
two  of  these  describe  the  variation  in  the  actual  radar  cross  section  of  the 
surface  across  the  wave,  while  the  third  is  a  consequence  of  the  mis-mapping 
of  scatterers  with  non-zero  radial  velocities,  which  is  peculiar  to  the  SAR 
as  a  range-Doppler  imaging  device. 

Much  theoretical  and  experimental  work  has  been  done  to  quantify  the  tilt 
and  hydrodynamic  modulation  effects  for  ocean  waves.  This  work  is  predicated 
upon  the  Bragg  scattering  model  which  appears  to  dominate  the  microwave  back- 
scattering  properties  of  the  ocean  surface  at  intermediate  incidence  angles 
(Wright,  1966).  Similar  effects  may  occur  in  ice,  but  they  are  very  likely 
to  be  much  less  important  for  waves  in  ice  than  in  water.  The  imaging  mecha¬ 
nism  for  SAR-observed  ocean  waves  propagating  through  ice  is  thought  to  in¬ 
clude  both  tilt  effects  as  well  as  bunching  of  scatterers  within  the  SAR  image 
due  to  non-zero  radial  velocities.  The  tilting  effect  can  be  evaluated 
directly  by  examining  the  variation  in  the  radar  cross  section  with  Incidence 
angle.  An  effect  analogous  to  the  hydrodynamic  modulation  may  occur  due  to 
compression  and  expansion  of  certain  kinds  of  ice-covered  surfaces  by  the  wave 
motion,  but  no  clear  evidence  of  this  effect  has  yet  been  produced.  The 
velocity  bunching  mechanism  should  be  present  in  ice-covered  water  in  cases 
where  the  vertical  displacement  of  the  water  surface  is  propagated  though  the 
ice.  A  recent  study  (Lyzenga,  et  al.,  1983)  has  indicated  that  velocity 
bunching  is  the  dominant  mechanism  for  SAR  imaging  of  ocean  waves  in  sea  ice. 

III.  SAR  DISCRIMINATION  OF  BEAUFORT  SEA  ICE  TYPES 

Both  the  vertical  and  horizontal  extent  of  sea  ice  is  an  important  factor 
for  offshore  activities  and  ship  navigation  in  polar  regions,  as  well  as  for 
climatological  studies.  In  northern  waters,  new  ice  forms  each  winter  reach¬ 
ing  its  maximum  extent  in  April/May  and  a  minimum  in  August /September .  The 
Arctic  Sea  and  the  Canadian  Archipelago  are  never  completely  free  from  ice. 
This  ice,  appropriately  called  multi-year  (MY),  is  normally  much  thicker  and 
much  harder  than  so-called  first-year  (FY)  ice  which  has  not  survived  a  melt 
season.  Multi-year  ice  (along  with  land  ice,  icebergs  and  ice  islands)  is  a 
significant  hazard  to  ice-strengthened  ships  which  can,  on  the  other  hand, 
operate  in  varying  thicknesses  of  younger  ice.  The  relative  concentration  of 
FY  and  MY  ice  is  also  an  important  parameter  in  global  climate  models.  Off¬ 
shore  operations  in  the  Beaufort  Sea  require  that  these  two  ice  types  be 
distinguished . 

The  potential  of  imaging  radar  for  discriminating  ice  types  has  been 
demonstrated  using  manual  photographic  Interpreting  techniques  by  several 
researchers  including  Johnson  and  Farmer  (19/1),  Ketchum  (1977),  and  Gray, 
et  al.  (1977).  With  the  aid  of  aerial  photography,  most  ice  types  can  be 
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identified  on  SAR  imagery.  Debate  continues,  however,  as  to  the  best 
frequency /polarization  combination  to  use  for  ice  mapping  (Gray,  19811.  This 
section  will  examine  the  effect  of  SAR  system  and  imaging  geometry  on  the 
resultant  imagery  and  its  ability  to  discriminate  the  desired  ice  types. 

The  SAR  data  used  in  this  analysis  were  obtained  during  the  Surveillance 
Satellite  (SURSAT)  SAR  experiment  conducted  in  the  Beaufort  Sea  during 
February  and  March,  1979  (Gray,  et  al.,  1982).  The  SAR  flight  patterns  for 
the  SURSAT  experiment  were  designed  to  image  the  landfast,  transition,  and 
permanent  pack  ice  zones  on  a  single  long  pass.  Each  of  these  zones  has 
unique  characteristics  with  regard  to  ice  types  and  dynamics.  Imagery  from 
the  permanent  pack  ice  zone  was  selected  for  detailed  analysis.  This  area 
was  chosen  due  to  the  presence  of  both  first-  and  multi-year  ice. 

A  representative  portion  of  the  four-channel,  simultaneously  collected 
SAR  ice  imagery  of  the  test  area  is  shown  in  Figure  5.  These  data  were  col¬ 
lected  on  16  March  1979  over  incidence  angles  ranging  from  0°  to  55°.  This 
particular  image  is  predominantly  made  up  of  multi-year  floes,  multi-year 
bits,  first-year  smooth  ice  areas,  numerous  ridges  and  rubble  fields  created 
by  the  grinding  of  ice  floes.  Five  of  the  standard  categories  of  ice  types 
(Dunbar,  1969)  are  included  in  this  area:  first-year  smooth  (FYS) ;  first-year 
rough  (FYR) ;  second-year  (SY) ;  multi-year  smooth  (MYS) ;  and  multi-year  rough 
(MYR) .  Examples  of  each  type  are  labeled  in  Figure  5;  these  have  been  identi¬ 
fied  using  low-altitude  aerial  photography.  The  resolution  of  the  SAR  image 
presented  in  Figure  5  is  approximately  3x3  meters. 

Qualitative  examination  of  all  four  channels  reveals  that  X-band  data 
show  a  significantly  higher  return  for  multi-year  ice  than  for  first-year  ice. 
This  is  particularly  true  for  the  cross-polarized  (HV)  channel  where  melt  pond 
and  drainage  patterns  created  during  the  previous  summer  are  visible  on  the 
large  multi-year  floe.  The  L-band  data  contain  information  mainly  on  the 
ridging  characteristics  of  the  ice  field.  These  observations  are  consistent 
with  ones  based  on  scatterometer  measurements  (Gray,  et  al. ,  1982;  Onstott, 
et  al.,  1982). 

The  radar  reflectivity  from  a  particular  ice  type  le  a  function  of  the 
surface  roughness  (including  its  orientation  relative  to  the  radar  wave)  and 
electrical  properties  (dielectric  constant).  The  size  or  scale  of  the  surface 
roughness  determines  which  radar  wavelengths  will  be  most  sensitive  to  that 
particular  ice  type.  Some  combination  of  surface  and  volume  scattering  is 
probably  responsible  for  the  signatures  from  various  ice  types  in  Figure  5 
(Onstott,  et  al.,  1979).  The  dielectric  constant  of  sea  ice  is  a  strong  func¬ 
tion  of  it's  brine  content.  Thus,  SAR  ice  signatures  for  individual  ice  types 
are  strongly  dependent  on  season.  In  spring  and  summer,  contrasting  signa¬ 
tures  are  often  masked  by  excessive  free-water  content  within  or  on  the  ice. 

The  viewing  geometry  for  the  SAR  data  collection  also  affects  the  amount 
of  contrast  between  signatures  from  various  ice  types.  Presented  in  Figure  6 
is  four -channel  imagery  from  a  flight  on  18  March  1979  collected  over  nearly 
the  same  area  as  the  data  in  Figure  5.  The  only  difference  between  the 
flights  was  that  these  data  were  collected  over  incidence  angles  ranging  from 
69"  to  83°.  At  these  angles,  it  appears  that  none  of  the  four  channels  dif¬ 
ferentiates  ice  types  based  solely  on  mean  reflectivity. 

IV.  SAR  DETECTION  OF  ICEBERGS 

The  ability  to  detect  and  track  Icebergs  with  SAR  would  provide  synoptic- 
scale,  near  real-time  information  for  safe  navigation  in  higher  latitudes. 
Additionally,  this  Information  could  be  used  by  offshore  drilling  rigs  to 

?  revent  possible  damage.  Presented  in  Figure  7  is  four-channel  imagery  col- 
ected  on  13  March  1977  in  the  Labrador  Sea  near  Hopedale.  The  imagery  shows 
a  large  iceberg  surrounded  by  pack  ice  through  which  waves  are  propagating. 
Coincident  aerial  photography  of  this  area  is  shown  in  Figure  8.  Past  studies 
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have  shown  that  the  most  important  radar  variable  for  detectability  of  ice¬ 
bergs  is  incidence  angle  (Gray,  et  al. ,  19791.  The  iceberg  in  Figure  7  was 
imaged  at  an  incidence  angle  of  approximately  50°.  On  each  of  the  four  chan¬ 
nels  in  Figure  7,  the  iceberg  is  clearly  visible. 

To  quantify  the  detectability  of  the  iceberg,  the  data  shown  in  Figure  7 
was  optically-processed  and  digitally-recorded.  These  digital  data  were  used 
to  calculate  an  iceberg-to-clutter  ratio  for  each  of  the  four  channels.  These 
ratios  can  then  be  used  to  calculate  the  probability  of  detecting  the  iceberg 
assuming  a  false  alarm  rate.  The  results  of  these  measurements  are  summarized 
in  Table  1.  The  cross-polarized  X-band  channel  provides  the  greatest  separa¬ 
tion  between  the  iceberg  and  the  surrounding  clutter.  Perspective  plots  of 
the  digital  data  for  each  channel  were  produced  and  are  presented  in  Figure  9. 
These  plots  confirm  the  measurements  presented  in  Table  1,  that  is,  the  X-band 
data  provides  the  highest  probability  of  detecting  the  iceberg,  particularly 
the  cross-polarization  channel. 


V.  CONCLUSIONS 

Synthetic  aperture  radar  can  be  used  to  detect  and  quantify  ocean  surface 
gravity  waves  as  they  propagate  into  and  through  sea  ice.  These  waves  are 
believed  to  be  imaged  due  to  a  velocity  bunching  mechanism,  and  are  visible 
on  both  X-  and  L-band  imagery,  for  both  like-  and  cross-polarizations.  The 
wavelength  attenuation  characteristics  of  these  waves  appear  consistent  with 
past  surface  measurements.  Directional  changes  in  the  waves  observed  by  the 
SAR  are  not  clearly  understood  at  this  time,  but  highlight  the  advantage  of 
using  a  synoptic  imager. 

Synthetic  aperture  radar  has  also  demonstrated  the  ability  to  detect 
various  ice  types  and  icebergs.  This  ability  is  highly  dependent  on  the  SAR 
system  characteristics  (i.e.,  radar  wavelength  and  polarization) ,  and  the 
imaging  geometry  (incidence  angle).  Past  studies  have  shown  that  higher  radar 
frequencies  provide  greater  discriminitability  between  first-  and  multi-year 
ice.  Tradeoffs  in  hardware  complexity  and  atmosphere  attenuation  make  X-band 
the  optimal  operating  frequency  for  ice  reconnaissance  at  the  present  time. 

It  has  also  been  noted  that  the  cross-polarized  channel  (HV)  provides  greater 
contrast  between  ice  types  than  the  like-polarized  (HH)  channel.  Addition¬ 
ally,  radar  imagery  collected  at  small  incidence  angles  has  more  contrast  than 
that  collected  at  large  incidence  angles.  The  exception  to  this  is  icebergs 
which  are  best  imaged  at  grazing  angles  (large  incidence  angle)  where  back¬ 
ground  clutter  is  minimized. 
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TABLE  1 

PROBABILITY  OF  ICEBERG  DETECTION 


I CEKR&-T0-CL  UTTER* 

RATIO  PROBABILITY  OF  DETECTION** 


BAND-POLARIZATION 

(DB) 

(Z) 

X-HH 

13.8 

88 

X-HV 

20.4 

99 

L-HH 

13.0 

84 

L-HV 

10.2 

60 

•CLUTTER  IS  DEFIIO  AS  THE  GREASE  ICE  ADJOINING  THE 
ICEBERG  LOCATION. 

-A  FALSE  ALAR*  RATE  OF  103  HAS  ASSURED. 
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Figure  1.  Four-channel  SAR  Imagery  of  Ocean  Waves  Propagating  Througn 
Pack  Ice  in  the  Labrador  Sea. 
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Figure  2.  X-band  Like-Polarized  (HH)  SAR  Imagery  of  Ocean  Waves  in 
Open  Water. 
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Figure  3.  Change  of  Ocean  Wavelength  as  a  Function  of  Distance 
Into  the  Pack. 


Figure  4.  Change  of  Ocean  Propagation  Direction  as  a  Function  of 
Distance  Into  the  Pack. 
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Figure  7.  Four-Channel  SAR  Imagery  of  an  Iceberg 
in  the  Labrador  Sea. 


Figure  8.  Coincident  Aerial  Photograph  of  Iceberg 
Shown  Imaged  in  Figure  7. 


Perspective  Plots  Produced  from  the  Digitized 
Four-Channel  Imagery  Shown  In  Figure  7. 
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ABSTRACT 

During  the  1989  Coordinated  Eastern  Arctic 
Experiment  (CEAREX)  a  total  of  sixteen  synthetic 
aperture  radar  (SAR)  data  collections  were  flown. 
Each  mission  covered  approximately  a  100  x  200  km 
area  surrounding  the  ice  strengthened  vessel  M/S 
P0LARBJ0RN .  SAR  viewing  geometries,  frequencies, 
and  polarizations  varied  based  on  the  objectives 
of  each  individual  mission. 

On-board  processors  enabled  personnel 
stationed  at  Svalbard  and  Andoya  for  flight 
coordination  to  review  the  real-time  data. 
Observations  and  interpretations  including  <(-e 
edge,  type,  concentration  and  floe  size  made  from 
this  imagery  were  used  to  plan  successive  SAR 
missions  and  were  transmitted  to  P0LARBJ0RN 
enabling  scientists  on-board  to  select  areas  of 
special  interest  for  intensive  study  and  sea 
truthing. 


1.  INTRODUCTION 

CEAREX  was  a  year  long  scientific  effort 
involving  the  ice  strengthened  P0LARBJ0RH . 
Throughout  the  experiment,  oceanographic, 
meteorologic  and  acoustic  properties  of  ice  and 
open  water  in  the  Central  Arctic  were  studied  to 
determine  the  effect  this  region  has  on  the 
marginal  ice  zone. 

As  part  of  CEAREX,  three  SAR  data 
collections  were  carried  out.  In  February,  the 
Canada  Centre  for  Remote  Sensing  (CCRS)  X-  and  C- 
band  SAR  system  was  utilized  to  collect  data  that 
was  simultaneously  being  sea  truthed  by 
researchers  on-board  P0LAR8J0RN.  These  flights 
took  place  in  the  Barents  Sea  in  support  of  the 
Seasonal  Ice  Zone  Experiment  (SIZEX)  Phase  I. 

During  the  March  deployment  of  P0LARBJ0RN 
the  ERIM/NA0C  P-3  X-,  C-,  and  L-band  SAR  system 
was  utilized  in  support  of  SIZEX  Phase  II.  This 
aircraft  was  also  used  in  April  to  collect  three 
data  sets  over  the  ice  based  acoustic  and 
oceanography  camps.  In  addition,  areas 
surrounding  P0LARBJ0RN  were  imaged  while  in 
transit  in  support  of  the  eddy/biological  cruise. 
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Analysis  of  both  the  real-time  imagery  an.i 
the  optically  processed  digital  data  enabled 
extraction  of  marginal  ice  zone  geophysical 
information.  This  paprr  will  discuss  the 
geophysical  parameters  derived  solely  from  the 
SAR.  These  parameters  include:  ice  edge,  sea  ice 
type,  concentration,  kinematics  ,  and  floe  size 
distribution.  In  addition  to  the  introduction 
this  paper  contains  a  data  set  description, 
results  of  the  preliminary  analysis  and 
conclusions  drawn  from  these  results. 

2.  DATA  SETS 

In  February,  in  support  of  SIZEX  Phase  I, 
the  CCRS  CV-580  X-  and  C-band  SAR  system  was 
utilized  to  collect  data  in  the  Barents  Sea  from 
74°  N  to  78°  N  and  16®  E  to  25°  E.  Ihe  first  four 
of  these  five  ERS-1  simulation  missions  took  place 
every  third  day  beginniig  on  the  17th.  On  the 
27th,  a  fifth  mission  was  flown  which  imaged  a 
large  eddy  seen  in  tire  real-time  imagery  from  the 
previous  day. 

ERS-1  is  a  free  f lying  SAR  satellite  to  be 
launched  by  the  European  Space  Agency  in  late 
1990.  The  three  day  interval  between  missions, 
choice  of  frequency,  C-oand  (5.3  GHz), 
polarization,  (VV),  ana  incidence  angle,  20°  were 
selected  to  simulate  anticipated  ERS-1  parameters. 

In  March,  eight  missions  were  flown  using 
the  ERIM/NADC  P-3  X-,  C-  and  L-band  SAR  system. 
Beginning  on  17  March,  ERS-1  simulation  missions 
were  flown  every  third  day  and  covered  an  area 
from  76°  N  to  79°  N  and  7°  H  to  1°  E.  In 
addition,  4  other  data  sets  were  collected,  lhese 
included  a  reconnaissance  mission  in  support  of 
the  acoustic  and  oceanography  camps.  A  dedicated 
polarimetric  flight  in  which  data  were  collected 
at  all  three  frequencies  in  high  resolution  mode, 
six  waves-in-ice  passes  over  areas  identified  by 
scientists  on-board  P0IARBJ0RN,  and  a  frequency 
comparison  mission. 

The  April  SAR  data  collections  consisted  of 
three  missions  flown  i  i  support  of  the  ice  based 
acoustic  and  oceanog  *a>hy  camps.  These  missions 
occurred  on  the  14th,  15th,  and  16th. 


TABLE  1. 


SAR  Flights  in  Support 


Dal? 

SAR  Svslem 

Band 

Pass 

Mode 

17  February 

CCnS  CV-580 

C.  X 

1 

2-4 

Nadir  (Tull) 
Wide  Swath 

20  February 

CCRS  CV-580 

C.  X 

1 

2-4 

Nadir  (f  ull) 
Wide  Swnth 

23  February 

CCRS  CV-580 

C.  X 

1-4 

Wide  Swath 

26  February 

CCRS  CV-580 

c.x 

1-4 

Wide  Swath 

27  February 

CCRS  CV-580 

C.  X 

1-2 

Wtdo  Swath 

17  March 

ERIM/NADC  P-3 

c.x 

1-7 

Double  Swath 

X 

8 

Narrow  Swath 

18  March 

ERIM/NADC  P-3 

C.  L 

1-4 

Oouble  Swath 

C,  L 

5-7 

20  March 

ERIM/NADC  P-3 

C.X.  L 

1-8 

Double  Swnth 

X 

9 

Narrow  Swath 

21  March 

ERIM/NAOC  P-3 

C.  X.  L 

1-12 

Narrow  Swath 

X 

13 

Double  Swath 

23  March 

ERIM/NADC  P-3 

C.  X.L 

1-7 

Double  Swath 

C 

8 

Narrow  Swath 

24  March 

ERIM/NADC  P-3 

C.  X.L 

1-7 

Double  Swath 

L 

8 

Narrow  Swath 

26  March 

ERIM/NADC  P-3 

C.X. 

1-8 

Double  Swath 

C 

9 

Narrow  Swath 

27  March 

ERIM/NADC  P-3 

C.  X.L 

1-8 

Double  Swath 

X.L 

9-14 

Narrow  Swath 

14  April 

ERIM/NADC  °-3 

C.X.L 

1-6 

Oouble  Swath 

IS  April 

ERIM/NACD  P-3 

C.  X.  L 

1-6 

Double  Swath 

16  April 

ERIM/NADC  P-3 

C.  X.L 

1-8 

Double  Swaih 

Interpretations  of  the  real-time  data  collected 
while  in  transit  to  the  camp  areas  of  interest 
were  transmitted  to  P01ARBJ0RN  to  assist 
scientists  on-board  in  selecting  optimum  areas  for 
in  situ  ocean  eddy  measurements.  Oetails  of  all 
CEAREX  SAR  flights  are  outlined  in  Table  1. 

In  addition  to  the  real-time  paper  product, 
the  SAR  data  was  recorded  on-board  the  aircraft  on 
high  density  digital  tapes.  Analysis  of  the  real¬ 
time  imagery  and  the  optically  processed  digital 
data  enabled  extraction  of  marginal  ice  zone 
geophysical  Information. 

3.  RESULTS 

To  date,  no  digital  processing  has  been  done 
with  the  CCRS  CV-580  SAR  data  collected  during 
SIZEX  Phase  I.  However,  mosaics  assembled  from 
the  real-time  imagery  have  been  used  to  extract  a 
variety  of  geophysical  parameters. 

Figure  1  is  a  photographic  copy  of  the  real¬ 
time  Imagery  collected  on  20  February.  An 
Interpretation  of  the  data  generated  in  near  real¬ 
time  is  shown  in  Figure  2..  This  interpretation 
was  transmitted  to  POLARBJORN  to  assist  scientists 
on-board  in  conducting  an  efficient  experiment. 

Optical  SAR  mosaics  are  interpreted  based  on 
the  tonal  signatures  of  the  SAR  with  visual  and  jn 
situ  observations  as  inputs.  Bright  tones  on  the 


Of  SIZEX/CEAREX 


Lociiion 

Ohi.v-riyq  ro|^r'.-**vt>nn 

Barents  Sea 

FHS-1  Simulation 

vv 

Marnrit*:  S**.» 

IMS  1  SfinijJ.th’m 

vv 

Barents  Son 

CMS  1  Simulation 

vv 

Borenis  Soa 

EMS*t  Simulation 

vv 

Barents  Son 

FRS-I  Simulation 

vv 

Greonland  Soa 

ERS-1  Simulation 

vv 

EOS  Simulation 

Foil 

Central  Arctic 

*0"  C.an  p  l  ocations 

vv 

"A’  Camp  Location? 

vv 

Greenland  Sea 

F.  MS- 1  Simulation 

vv 

EOS  Siinulai'on 

Full 

Greenland  Sea 

Polnrunotnc  Flights 

Tull 

Full 

Greonland  Sea 

ERS-1  Simulation 

vv 

EOS  Simulation 

Full 

Greenland  Sea 

Polarization  Comparison 

Hit 

EOS  Simulation 

r  »iH 

Greenland  Sea 

ERS-1  Simulation 

VV-HM 

EOS  Simulation 

Full 

Greenland  Sea 

ERS-1  Simulation 

vv 

Wave?  m  Ire 

MM 

Central  Arctic/ 

“A"  and  *0“  Camp  amd 

vv 

Greenland  Sea 

Acoustic  Tomoornpby  Support 

Central  Arctic/ 

“A*  and  ’O"  Camp  and 

VV 

Greenland  Sea 

Acoustic  Tomcornphy  Support 

Central  Arctic/ 

‘A’  and  "O*  Camo  and 

VV 

Greenland  Soa 

Acouf.t  ic  Tomngraf it  i v  S  upfM>i  t 

image  represent  multiynar  ice,  while  darker  tones 
are  various  stages  of  young  ice.  The  blackest 
signatures  on  the  image  are  open  water. 

In  addition  to  these  preliminary  real-time 
interpretations,  later  analysis  resulted  in 
additional  geophysical  extractions.  Figure  3 
shows  an  example  of  ice  kinematics  extracted  from 
the  first  four  ER5-1  simulation  flights,  lhe  ice 
kinematics  were  generated  manually  using  the  real¬ 
time  imagery.  Positions  of  specific  recognizable 
floes  were  calculated.  These  same  floes  were 
identified  again  on  the  real-time  imagery 
collected  three  days  later.  This  method  shows 
only  the  change  in  gcolccation.  It  does  not 
indicate  the  actual  track  the  floe  followed. 

All  ERS-1  simulation  data  collected  in  March 
by  the  ERIM/NADC  P-3  X-,  C-  and  L-band  SAR  have 
been  processed  on  the  ERIM  digital-hybrid-optical 
processor  to  generate  images.  Figure  4  is  a  C- 
band  (VV)  mosaic  collected  on  26  March.  Figure  5 
is  an  interpretation  of  this  data  showing  ice 
edge,  type  and  concentration.  This  interpretation 
was  generated  using  the  method  described  above. 

The  April  SAR  data  collection  consisted  of 
three  missions  flown  in  support  of  the  ice  based 
acoustic  and  oceanography  camps.  Flight  lines 
were  planned  so  that  mosaic  coverage  included  both 
camps  and  will  enable  further  analysis  into  both 
short  term  (i.e.  6  hr)  and  long  term  (i.e.  24  and 


4.  CONCLUSIONS 


48  hr.)  ice  kinematics  and  morphology.  This  work 
will  be  performed  in  conjunction  with  measurements 
made  by  scientists  located  at  the  camp  throughout 
the  SAR  data  collection. 


Results  of  analysis  based  on  the  SAR  real¬ 
time  paper  product  and  the  optically  processed 
digital  data  indicate  the  following: 

1.  SAR  imagery  permits  differentiation  between 
first  year  ice,  multi-year  ice.  and  many 
staqes  of  young  ice; 

2.  SAR  imago y  can  be  used  to  detect  surface 
expression  of  eddies  both  in  the  open  ocean 
and  within  the  ice  pack; 

3.  SAR  imagery  permits  the  tracking  of  ocean 
waves  both  outside  and  propagating 
approximately  100  km  into  the  ice  park; 

*  4.  SAR  imagery  mapped  an  ocean  polar  front  in  the 
Greenland  Sea. 

The  results  of  this  analysis  and  others  like 
it  can  provide  valuable  insight  into  the  utility 
of  ERS-1  and  other  planned  free- flying  SAR's. 
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Figure  1.  Mosaic  from  20  February  CV-500 
C-8and  (VV)  Real-Time  Imagery 


Figure  2.  Real-Time  Interpretation  of 
20  February  Mosaic 


Figure  3.  Kinematics  Derived  from  the  February 
ERS-1  Simulation  Data  Collections 
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Figure  4.  26  March  Mosaic  of  Optically  Processed 
P-3  C-Band  (VV)  SAR  Data 


Figure  5.  Interpretft ion  of  26  March  P-3  Mosaic 
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ABSTRACT 

During  the  Winter  1987  Marginal  Ice  Zone 
Experiment  (MIZEX)  synthetic  aperture  radar  (SAli) 
data  was  collected  on  a  dally  basis.  Each  mission 
covered  approximately  a  ZOO  x  200  km  area 
surrounding  the  ice-strcngthcned  vessel  POLAR 
CIRCLE.  The  SAR  data  were  processed  In  real-time 
on-board  the  aircraft  and  down-linked  to  POLAR 
CIRCLE.  Interpretation  of  the  real-time  ’magcry 
enabled  scientists  on-board  POLAR  CIRCLE  to  locate 
areas  of  special  geophysical  Interest  In  order  to 
facilitate  ground  truth.  The  SAR  data  -./ere  shown 
to  be  useful  In  detecting  the  Ice  edgj,  eddies 
within  the  Ice,  floe  size  distributions,  Ice  types, 
ice  concentration,  and  kinematics. 

Keywords:  SAR,  MIZEX,  Ocean  Wave,  Ice 
Concentration,  Ice  Edge 


1.  IIITRODOCTIOH 

MIZEX  '87  In  the  Greenland  and  Barents  Seas 
combined  observation  systems  from  both  remote 
sensing  and  JUi  situ  data  collection  to  provide  an 
Integrated  approach  to  the  study  of  winter  marginal 
ice  zone  (MIZ)  conditions.  Favorable  weather 
permitted  18  consecutive  days  of  SAR  coverage  and 
field  operations.  The  SAR  system,  with  Its  high 
resolution  (15  x  15  m),  clarity  of  Image  and  real¬ 
time  availability,  proved  to  be  a  powerful  and 
efficient  tool  to  aid  In  the  planning  and  carrying 
out  of  field  experiments. 

MIZEX  was  the  first  International  experiment 
having  dally  SAR  coverage  with  real-time  Imagery 
down-linked  to  the  ships  In  the  field.  This 
Imagery  was  used  on-board  POLAR  CIRCLE  to  Identify 
areas  of  Interest  such  as  the  location  of  the  Ice 
edge,  eddies  and  ocean  fronts.  The  ship  would  then 
proceed  to  the  SAR  Identified  areas  to  collect  sea 
truth.  The  data  was  also  used  to  select  sites  for 
detailed  active  and  passive  microwave  measurements 
and  characterization  of  physical  and  electrical 
properties  of  the  ice  and  snow.  In  addition  to 
bclnq  down-linked,  the  SAR  data  was  recorded  on¬ 
board  the  aircraft  on  high  density  digital  tapes. 


Later  analysis  of  this  digital  data  enabled 
extraction  of  MIZ  geophysical  Infoimatlon.  Hie  MIZ 
geophysical  Infoimatlon  cxlioctcii  solely  from  the 
SAR  Includes;  Ice  edge,  Ice  type,  gravity  wave 
propagation  Into  the  pack,  Ice  kinematics,  Ice 
concentration,  fdenll flcallon  of  leads,  and  some 
Information  on  floe  size  distribution. 

In  this  paper  we  first  summarize  the  MIZEX  '87 
SAR  data  set.  Ice  edge,  Ice  type,  concentration, 
kirn  itlcs  and  floe  size  distributions  are 
presented  as  examples. 


2.  SAR  DAIA  Stl 

During  MIZEX  '87,  two  Intora  SAR  equipped 
aircrafts;  SIAR-1  and  SlAH-2  were  deployed  to 
collect  Ice  edyo  Imagery,  lhroughout  the 
experiment,  real-time  data  were  reviewed  hy 
scientists  at  Svalbard  and  on-boaid  the  M/V  TUIAII 
CIRCLE.  Observations  made  from  this  Imagery 
enabled  them  to  select  areas  of  special  interest 
for  Intensive  study  and  sea  truthlng,  and  to  plan 
successive  SAR  missions.  A  total  of  2a  missions 
were  flown.  Table  1  Is  a  summary  of  these  missions 
(Ref.  I). 
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Iht  intern  S I  AH- 1  and  SIAN-2  systems  art  X-liaml 
(9.8  GHz)  radars  that  transmit  and  receive  with 
horizontal  polarization.  Table  2  summarizes  the 
parameters  of  both  systems  while  Figure  1  Indicates 
the  Imaging  geometries.  Figure  2  Is  a 
representative  mosaic  covering  a  445  x  195  km  area 
of  the  HIZ.  On  the  X-band  SAU  data,  bright  tones 
on  the  Image  represent  multiyear  Ice  while  the 
darker  tones  are  various  stages  on  young  Ice.  The 
blackest  signatures  on  the  Image  are  open  water. 

The  SAR  mosaic  was  Interpreted  using  a  hybrid 
manually  assisted  digital  technique  to  provide  the’ 
interpretation  key  shown  in  Figure  3.  Note  that 
the  ice  type  and  concentration  Information  is 
obtainable  from  this  data  based  on  tonal 
signatures. 
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Supporting  the  initial  interpretation  of  the  SAR 
signature  is  a  variety  of  In  sjtu  measurements  and 
observations.  These  include  Intensive  Ice 
sampling,  drifting  argos  buoys,  current  meter 
measurements,  wave  riders,  pitch  and  roll  buoys, 
and  ice  flow  accelerometers. 
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3.  I'KUlMlIIAItr  ANALYSIS 

Pro  I  l«il  nary  analysis  of  the  SAR  data  Indicates 
the  following: 

1.  SAR  Imagery  penults  d  I  Met  cut  I  at  Ion  between 
first-year  Ice,  multiyear  Ice,  and  many  stages 
of  young  Ice; 

2.  SAR  I may wry  can  he  used  to  detect  surface 
expressions  of  eddies  both  In  the  open  ocean  and 
within  the  Ice  pack; 

3.  SAR  Imagery  permits  the  tracking  of  ocean  waves 
both  outside  and  propagating  approximately  100 
km  Into  the  Ice  pack; 

4.  SAR  Imagery  shows  Internal  wave  features  beneath 
the  Ice  pack;  and, 

5.  SAIi  Imagery  mapped  an  ocean  polar  front  In  the 
Barents  Sea. 

Each  of  these  points  are  discussed  elsewhere  in 
these  proceedings,  (Refs.  2-4). 

rigure  4  Is  an  example  of  an  analysis  perfoimcd 
using  sequential  SAR  Imagery  ol  the  same  HIT 
regions.  Mission  1)  flown  on  3  April  at  W14-19VJ 
Ur  and  mission  12  flown  on  4  April  at  175/-2143  Ul 
are  compared.  Absolute  positioning  of  the  Images 
was  accomplished  through  a  known  reference  marker, 
In  this  specific  case  the  POLAR  CIRCLE  which  was 
also  located  within  the  analysis  region.  Ice 
kinematics  (trajectory)  diagrams  were  later 
obtained  by  calculating  the  time-mean  displacement 
of  specific  Ice  floes  over  the  successive  SAR 
Images  using  unique  pattern  and/or  signature 
recognition  (Ref.  5). 

Ice  kinematics  (solid  vectors)  show  a  south-west 
movement  of  approximately  .5  km/lir  within  the  pack 
Ice  consistent  with  the  ocean  circulation  and 
prevailing  winds.  At  the  start  of  mission  II, 

POLAR  C I  MCI  C  reported  winds  weie  sonllnw.t.ci  ly  with 
speeds  highly  variable,  ranging  liom  3  to  13  m/s. 

On  4  April  wind  direction  was  mainly  northeasterly 
at  5  to  10  m/s  (Ref.  0) . 
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Figure  1.  Viewing  Geometry  for  SIAH-1  ami  -2  in  Wide  Swath  Mode 
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Figure  2.  Real-time  SAR  Imagery  Collected  on 
2  Apri 1 ,  Mission  11 


The  Ice  edge  except  in  the  vicinity  of  the 
eddies  also  moved  at  a  rate  of  approximately  .5 
km/hr,  during  the  time  (i.e.,  24  hours)  between  the 
two  SAR  images.  This  is  consistent  with  the  floe 
velocity  obtained  from  the  Interior  of  the  pack. 

The  edge  at  the  eddy  locations  moved  at  an 
accelerated  rate  (approximately  1.5  kin/lir.).  In 
general,  the  ice  edge  in  this  area  of  the  Fram 
Strait  follows  the  continental  shelf  break. 

The  anomalous  movement  of  the  more  diffuse  Ice 
and  the  ARGOS  drift  buoys  (dashed  vectors)  at  the 
edge  are  due  to  the  circulation  of  two  Ice-ocean 
eddies.  Kinematic  analyses  such  as  these  can 
provide  information  about  the  locations  of  eddies, 
enabling  scientists  to  perform  near  real-time  in 
situ  sea  truthlng  of  the  areas  of  interest. 

These  eddies  identified  through  SAR  derived 
kinematic  data  are  similar  to  the  eddies  discovered 
In  MIZEX  '84  using  the  same  technique  (Refs.  5,7) 
and  demonstrates  SAR  can  Identify  these  structures 
in  the  winter  as  well  as  summer.  In  sUu 
measurements  from  POLAR  CIRCLE  indicateO  that  the 
SAR  identified  eddies  exist  In  vortex  pairs,  one 
cyclonic  and  one  anticyclonic.  Their  average 
horizontal  scale  was  50  km  with  a  vertical 
thickness  deeper  than  1000  m.  Initial 
interpretation  is  that  those  eddies  are 
topographically  generated  (Refs.  4,0). 


4.  SUMMARY 

The  Integrated  approach  of  the  Winter  '87  I1I2CX 
using  both  In  situ  and  remote  sensing  data 
collcctlons'beneii'ts  the  deeper  understanding  of 
mesoscale  processes  in  the  M1Z  and  provides  ground 
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Figure  3.  Ice  Concentration  and  floe  inter  pi  elation 
for  Mission  11 


trutli  of  remote  sensing  signals.  Real-time  data 
analysis  In  the  field  made  it  possible  to  conduct 
an  efficient  experiment,  where  the  observational 
concentration  was  kept  to  the  8icas  of  most 
interest.  Results  of  studies  such  as  these  will 
lead  to  more  accurate  short-ramie  forecasts  of  sea 
Ice  movement  which  will  contribute  toward  resource 
management,  exploration  and  exploitation. 
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Figure  4,  SAR  Oerivcd  Kinematics  and  Jcc  Edge 
Comparison  of  Missions  11  and  12 
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ABSTRACT 

During  MIZEX  84  sequential  synthetic  aperture 
radar  (SAR)  Images  of  the  Fram  Strait  Marginal 
Ice  Zone  (MIZ)  played  a  key  role  In  understanding 
the  complex  Interactions  of  the  atmosphere,  ocean 
and  sea  ice.  Analysis  of  sequential  SAR  Images 
of  the  Fram  Strait  test  area  provided 
quantitative  data  on  the  mesoscale  Ice  morphology 
which  Included  Ice  edge  positions,  location  of 
ocean/ice  eddies.  Ice  concentration,  floe  size 
distributions,  and  Ice  kinematics. 


Key  Words:  SAR,  sea  Ice,  kinematics.  Ice 
concentration,  ocean/ice  eddy 


1.  INTRODUCTION 

The  Marginal  Ice  Zone  (MIZ)  Is  the  region  of 
outermost  extent  of  the  polar  Ice  field  and  Is 
the  critical  region  in  which  poler  air  masses, 

Ice  and  water  masses  Interact  with  the  temperate 
ocean  and  climate  systems.  The  processes  that 
take  place  there  profoundly  Influence  hemispheric 
climate  and  have  a  significant  effect  on 
petrol etm/mlneral  exploration  and  production, 
naval  operations,  and  commercial  fishing.  To 
gain  an  understanding  of  these  processes 
SbfY1c1ent  to  permit  modeling  and  prediction,  z 
research  strategy  was  developed  for  sumner  and 
winter  measurement  programs  (Ref.  1),  and  a 
series  of  field  experiments  were  planned  and 
executed  (Ref.  2).  One  such  experiment  called 
the  Marginal  Ice  Zone  Experiment  (MIZEX)  was 
conducted  In  the  Fram  Strait  region  of  the 
Greenland  Sea  In  the  sumners  of  1983  and  1984. 
This  experiment  was  specifically  designed  to 
Investigate  the  alr-sea-lce  Interaction  processes 
at  the  outermost  extent  of  the  polar  Ice  pack 
with  an  ensemble  of  coincident  measurements  made 
from  ships,  aircraft,  and  satellites  (Ref.  3).  A 
central  problem  to  the  MIZEX  study  was  the 
definition  of  those  mesoscale  oceanic  and 


atmospheric  processes  which  deteimine  the 
location  of  the  Ice  edge,  ice  morphology,  and 
deformation  within  the  MIZ,  as  well  as  the 
quantification  of  the  major  energy  and  moi'entim 
exchanges  taking  place  (Ref.  ?). 

In  this  paper  we  present  an  analysis  of 
sequential  high  resolution  aircraft  SAR  images 
from  a  region  In  the  Fram  Strait  north  of  78"N. 
Specifically,  changes  In  ice  concentration,  floe 
size  distribution,  and  Ice  edge  position,  as  well 
as  eddy  location  and  floe  motion  derived  from 
mul tl temporal  SAR  Images  are  Investigated  In 
terms  of  ocean  surface  current,  wind  fields  and 
the  bathymetry  of  the  region. 


2.  DATA  SET  DESCRIPTION 

Sequential  SAR  data  flights  collected  imagery 
over  two  sub-regions  of  the  Fram  Stialt.  These 
sub-regions  are  Indicated  by  the  outlined  boxes 
on  Figure  1.  The  SAR  data  centered  at  78.7”N  and 
2.2S*N  were  collected  on  5  and  7  July  1981  over  a 
major  cyclonic  eddy,  while  the  box  senterrd  at 
approximately  80.25*N  and  2*E  reoresmts  an  area 
where  sequential  SAR  Images  were  collected  on  29 
June  and  6  July.  The  local  surface  winds  for 
the  entire  29  June  to  7  July  observation  period 
are  also  presented  on  Figure  l. 

The  general  surface  circulation  in 
the  vicinity  of  the  MIZEX-84  field  program  is 
shown  In  Figure  1  and  Is  superimposed  on  the 
bathymetry.  As  Indicated  in  the  figure,  warm 
Atlantfc  water  enters  the  Fram  Strait  as  either 
part  of  the  Nest  Spitsbergen  current  (NSC)  or  Is 
recirculated  across  the  Fram  Strait  as  part  of 
the  Return  Atlantic  Current  (RAC).  This  warm 
Atlantic  water  comes  Into  contact  and  mixes  at 
the  MIZ  (Indicated  by  the  mlnlawm  and  maximum  ice 
edges)  with  the  cold  polar  water  of  the  East 
Greenland  Current  (EGC)  (Ref.  4). 

Figures  2  and  3  present  SAR  mosaics  and 
interpretation  keys  for  the  29  June/6  July  and 
S/7  July  SAR  mosaic  pairs,  respectively.  The  SAR 
imagery  In  Figure  2  and  3  Is  L-Band  (23.5  cm) 
horizontal  parallel-polarization  data  which  have 
a  resolution  of  3  x  3  meters.  The  data  were 
collected  from  aircraft  at  a  height  of  6.7  km  In 
12  km  swaths  and  mosaicked  Into  the  composite 
figures  (Ref.  5).  The  high  reflectivity  of  the 
Ice  In  the  MIZ  relative  to  that  of  open  water  Is 
responsible  for  the  excellent  Ice  edge  and  floe 
definition  seen  In  this  Imagery.  Likewise,  the 
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structure  in  the  three  eddies  visible  In  Figure  3 
,  is  well  defined  due  to  the  high  reflectivity  of 
Snell,  10-500  m  diameter  rough,  broken  floes 
entrained  In  the  eddy  currents.  In  the  field, 
being  able  to  locate  eddies  In  real-time  5AR 
output  allowed  research  ships  to  be  directed  to 
active  sites. 

The  manual  Interpretations  for  each  of  the 
four  mosaics  (see  <gs.  2  and  3)  are  based  on 
features  observ-  In  both  the  X-band  (3-cm 
wavelength)  ana  L-band  data.  The  methods  used  to 
derive  the  Ice  concentration  and  floe  size 
estimates  have  been  described  previously  (Ref. 

6). 
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Figure  1.  Schematic  diagram  of  the  general  surface 
ocean  circulation  of  the  Fram  Strait.  The 
bathymetry  Is  shown  on  the  figure  as  Is 
the  minimum  and  maximum  Ice  edge  and 
surface  wind  conditions  for  the  SAR 
observation  period.  The  boxed  areas  on 
the  figure  represent  the  locations  of 
detailed  SAR  analysis. 


3.  DATA  ANALYSIS 

Comparison  of  the  29  June  and  6  July  SAR  data 
(Fig.  2)  clearly  reveals  changes  In  the  Ice 
position  between  this  seven  day  observation 
period.  The  29  June  and  6  July  SAR  mosaics  show 
details  of  the  Ice  edge  configuration.  These  Ice 
edge  meanders  as  observed  on  the  29  June  and  6 
July  data  result  from  the  complex  Interactions 
along  the  boundary  between  the  rapidly  southward¬ 
flowing  East  Greenland  current,  the  warm 
northward-flowing  Atlantic  water,  and  the  highly 
variable  winds  (Figure  1).  These  Ice  edges  may 
play  an  Important  role  In  the  generation  of 
ice/ocean  eddies  as  they  provide  the  Initial 
perturbation  In  the  Elman  transport  field  that 
eventually  results  In  eddies.  These  edge 
features  as  Indicated  In  the  SAR  interpretation 
keys  are  composed  of  Ice  floes  ranging  from  10  to 
500  m  In  size.  These  small  floes  are  the  result 


of  gravity  wave/ice  Interaction  ar'l  eddy- Induced 
floe  collisions  which  break  up  le'g*  floes.  The 
Ice  In  these  meanders  under  moderate  vind 
conditions  reflects  the  MIZ  ocean  c1>culation 
because  the  Individual  Ice  floes  act  as 
Lagranglan  drifters  moving  with  the  current. 

This  Is  particularly  true  In  the  summer  season 
when  the  winds  are  normally  llqht,  l.e.  less  than 
4  m/s,  and  there  Is  no  new  ice  forming  that  would 
freeze  floes  together.  It  Is  clearly  observed  by 
comparing  the  two  SAR  Images  how  the  eddy  at 
approximately  80*N  and  3.5“E  evolved  during  the 
seven  day  period  and  drew  Ice  out  from  the  main 
Ice  boundary  Into  warmer  water.  It  is 
Interesting  to  note  how  permanently  these  eddies 
are  displayed  In  the  Ice  configuration  when  the 
wind  Is  weak. 

During  this  seven  day  period,  not  only  did  the 
ice  edge  configuration  change  dramatically  but  so 
did  the  Ice  concentration  distribution.  Pn  29 
June  the  first  6  km  from  the  edge  has  a  10* 
concentration,  and  the  remaining  Ice  field  a 
concentration  of  80*  or  greater.  In  contrast, 
the  6  July  data  show  a  15  km  wide  diffuse  Ice 
edge  zone  with  an  Ice  concentration  of  50*.  large 
floes  close  to  the  Ice  edge,  and  the  region  of 
80*  concentration  further  from  the  rdgo  caused  by 
the  northerly  wind  event  of  the  2-4  July. 

The  sequential  SAR  Images  also  provide  Ice 
drift  kinematic  data.  The  Ice  drift  vectors, 
shown  In  Figure  4,  were  derived  from  the 
geolocated  SAR  Images  by  Identifying  specific  ice 
floes  on  the  two  mosaics  by  pattern  and/or 
signature  recognition.  This  method  Is  consistent 
with  that  applied  to  Seasat  satellite  and 
aircraft  data  (Refs.  7-10)  and  has  been  compared 
with  Independent  In  situ  measurements  made  during 
HIZEX  83  (Ref.  11 ).  Due  to  different  objectives 
during  M1ZEX-84,  the  SAR  sampling  Interval  and 
spatial  coverage  were  not  maximized  for  mesoscale 
Ice  kinematic  studies.  However,  23  floes  were 
recognized  on  the  29  June  and  the  6  July  images, 
and  the  Ice  drift  vectors  (start  and  end 
positions)  are  presented  In  the  figure  together 
with  the  drift  pattern  during  the  same  period  of 
two  Argos  buoys  and  the  Ice  edge  location  on  29 
June. 

The  awst  Interesting  Information  In  Fig.  4  Is 
the  very  high  spatial  variability  of  the  drift 
pattern  within  an  approximate  50  by  50  km  region. 
The  kinematic  data  reveal  three  regimes  of  floe 
drift  during  this  7  day  period,  where  the 
outermost  20  to  30  km  of  the  Ice  field  moved 
fairly  uniform  In  an  along-lce  direction  with  an 
average  speed  greater  than  10  cm/s.  The  floes 
west  of  2*E,  at  distances  greater  than  40  km  from 
the  edge,  were  more  influenced  by  the  EGC  and 
displayed  a  mean  southward  drift  of  5  to  10  cm/«. 
while  the  sawll  area  of  very  slow  drift  only 
showed  mean  velocities  around  2-3  cm/s. 

This  drastically  reduced  Ice  drift  region 
occurred  at  precisely  the  same  time  and  location 
that  an  ocean  frontal  meander  was  observed  In  the 
dynamic  height  topography  produced  from 
helicopter-based  CTD  sections  and  was  further 
confirmed  by  the  trajectory  of  a  SOFAR  float 
(Ref.  4).  Furthermore,  the  surface  drift  pattern 
of  University  of  Bergen  Argos  buoys  deployed  on 
Ice  floes  with  suspended  current  meters  (see 
Figure  4),  Indicated  that  the  frontal  meander  was 
Indeed  a  cyclonic  eddy.  The  buoys  did  not  show 
full  closed-loop  drift  patterns  because  they  (and 
the  Ice)  were  forced  out  of  the  eddy  by  strong 
northerly  winds  which  picked  up  early  on  6  July. 
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Figure  2.  L-band  (1.2  GHz)  monies  collected  by  the  ERIM/CCRS  X-C-L-band  SAR  system  on  5  July  and  7 
July  1984.  The  large  eddy  Is  cleerly  visible  on  the  3m  x  3m  resolution  5  July  data,  «s  are 
large  Individual  Floes  (labeled  'A'  on  the  interpretation)  and  polynyas  and  Ice-free  ocean 
areas  (labeled  'B')<  The  Interpretation  also  Indicates  areas  of  varying  Ice  concentration, 
the  range  of  floe  sizes,  and  the  median  size:  30%,  10- 500m,  12Sm  for  ' C ' ;  80X,  10-500m,  150" 
for  'O';  and  80-90X,  10m-9km,  1km  for  * E '  respectively.  Rote  the  eddy  Is  not  visible  on  the  7 
July  data  due  to  high  wind  conditions. 
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Figure  4.  SAR  derived  Ice  kinematics  for  seven  day  period  between  29  June  and  6  July.  Also  shown  on  the 
figure  Is  the  29  June  Ice  edge  and  trajectories  of  ARGOS  buoys  3491,  S069,  5080,  5094  and 
5095. 


Kith  respect  to  tine  scales.  It  Is  Interesting 
to  compare  the  SAR  vectors,  which  represent  7-day 
neans,  with  the  Argos  buoy  drift  tracks  which 
represent  dally  neans  (l.e.  data  low  pass 
filtered  for  diurnal  tidal  and  shorter  periodic 
effects).  The  variability  In  Ice  drift  velocity, 
which  has  been  averaged  out  In  the  SAR  data.  Is 
clearly  seen  In  the  Argos  data  which  denonstrate 
the  effect  of  cyclone  passings,  with  2-4  day 
periods,  on  the  dominant  forcing  Mechanism  on  the 
Ice.  The  high  drift  speeds  observed  for  all 
buoys  show  the  Importance  of  wind  drag.  On  3 
July  for  example,  the  30  cn/s  speed  of  buoy  5080 
Is  associated  with  a  10  n/s  northerly  wind.  A 
rough  comparison  of  forces  Indicated  that  winds 
Increasing  above  5  m/s  became  a  major  force 
In  addition  to  the  ocean  drag.  Ourlng  periods  of 
low  wind  speed,  the  buoys  follow  the  ocean 
circulation  pattern,  and  without  the  buoys  It 
would  not  have  been  possible  to  conclude  that  the 
low  velocity  area  seen  In  the  SAR  data  was 
associated  with  an  eddy.  These  observations  agree 
with  conclusions  from  similar  measunments  during 
M1ZEX-83  (Ref.  11),  that  for  weak  on-1ce  winds, 
the  sources  of  the  variation  In  Ice  drift  should 
be  sought  In  variations  of  ocean  current  and 
Internal  Ice  stress. 

To  resolve  these  mesoscale  features  with 
respect  to  observations  of  the  Ice  kinematics 
with  typical  time  scales  of  3-4  days,  we  conclude 
that  SAR  images  are  needed  at  least  once  a  day, 
in  order  to  recognize  the  same  floes  from  day  to 
day  with  a  separation  of  no  more  than  5  km.  Mlth 
respect  to  future  spaceboroe  SARs  (and  future 
experiments  with  airborne  SAR),  this  Is  highly 
possible  except  at  the  very  Ice  edge  where  the 
floes  may  be  too  small  to  be  recognized. 

SAR  Images  of  5  and  7  July  together  with 
Interpretation  of  the  Images,  (Fig.  3)  shows  that 
a  well  defined  eddy  was  present  on  the  5th.  The 
July  5  SAR  data  clearly  show  detailed  surface- 


structure  of  an  elllptlcally  shaped  eddy  with  a 
scale  of  approximately  30  km.  Because  the  wind 
was  light  (less  than  3  m/s),  the  spatial 
distribution  of  small  floes  relfects  the  upper 
ocean  circulation.  The  orbital  motion  is 
cyclonic,  while  the  spiral  of  Ice  towards  the 
center  Indicated  frlctlonally  driven  Inward 
radial  motion,  with  an  Ice  concentration  of  more 
than  801  at  the  center  (Ref.  12).  This  Implies 
convergence  and  furthermore  that  ageostrophlc 
effects  are  Important  and  must  be  Included  In 
realistic  modelling  of  these  eddies.  Note  also 
on  the  5  July  data  that  a  second  eddy,  E2,  Is 
seen  south  of  El  centered  at  78*5‘H  and  3*55"W. 

The  July  5  observed  eddy  was  well  developed  on 
1  July  as  seen  In  the  NOAA-7  AVHRR  Imagery  on 
that  day  (Ref.  12).  Strong  winds  picked  up  from 
north  on  the  6th  (sec  Fig.  1)  and  the  7  July  SAR 
Image  gives  no  clear  evidence  of  an  eddy.  The 
width  of  diffuse  Ice  edge  (Area  C  on 
Interpretations)  also  decreases  from  the  5th  to 
the  7th  due  to  wind  advectlng  Ice  Into  the  warmer 
water.  However,  ship  CTD  measurements  showed 
that  the  eddy  was  still  there  In  the  ocean  (Ref. 
12),  which  means  that  either  the  rest  of  the  Ice 
In  the  eddy  melted,  and/or  the  Ice  was  swept  away 
by  the  wind. 

A  simple  model  simulation  of  free  Ice  drift 
due  to  10  m/s  wind  from  north,  coupled  with  a 
circular  Gaussian  shaped  ocean  current  accurately 
reproduces  the  Ice  edge  configuration  on  7  July 
without  taking  melt  Into  consideration.  The 
model  attuned  that  a  surface  current  pattern 
associated  with  a  cyclonic  eddy  existed  with  a  30 
km  diameter.  The  current  profile  was  assumed  to 
be  Gaussian- shaped  with  essentially  zero  current 
at  the  center  and  edge  of  the  pattern  and  a  peak 
current  of  .2  m/s  midway  between,  tee  floes  with 
a  wind  drift  component  were  randomly  Introduced 
Into  this  current  pattern  and  tracked  until  they 
eventually  reachad  the  outer  boundary.  The  drift 
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velocity  of  the  ice  floes  m«s  assumed  to  be  21  of 
the  wind  speed  and  directed  20'  to  the  right  of 
the  wind  direction.  The  slaiulatlons  were  run 
until  a  definite  pattern  was  established. 

The  simulation  model  was  run  for  both  S  and  7 
July  and  the  results  are  presented  In  figures  5a 
and  5b,  respectively.  For  the  5  July  simulation 
a  2  m/s  wind  from  the  south  was  used.  Since  the 
eddy  was  located  along  the  Ice  edge,  floes  were 
only  Introduced  Into  the  side  opposite  the  open 
water.  Because  the  wind  drift  component  1$ 
small,  the  circular  structure  of  the  eddy  current 
field  Is  preserved  In  the  distribution  of  Ice 
floes.  The  density  of  floes  (dots  on  Figure  5a) 
corresponds  to  the  dwell  time  of  a  floe  In  a 
certain  location.  This  Is  why  there  Is  a  high 
density  In  the  center  of  the  pattern  and  at  the 
outer  edge.  At  these  locations  the  surface 
currents  are  small  so  the  floes  do  not  move 
significantly  between  time  steps  In  the 
simulation.  There  Is  a  low  density  of  floes  In 
the  region  of  high  surface  currents  due  to  the 
large  movement  between  time  steps.  The  Image  In 
Figure  5b  presents  the  model  output  for  the  7 
July  case.  The  winds  on  this  day  were  10  m/s 
from  the  north.  As  In  the  5  July  case.  Ice  floes 
were  only  Introduced  Into  the  current  pattern  on 
the  side  opposite  of  the  open  water.  Because  the 
wind  drift  component  Is  now  significant,  the 
circular  structure  of  the  eddy  current  field  Is 
lost,  this  Is  because  the  wind  drift  dominates 
the  eddy  currents  over  a  large  portion  of  the 
pattern. 

The  important  lesson  to  be  learned  from  the 
above  simulations  Is  that  a  given  eddy  surface 
current  pattern  can  manifest  Itself  In  vastly 
different  ways  due  to  the  varying  wind 
conditions.  Therefore,  the  wind  conditions 
during  a  SAR  data  collection  should  be  considered 
when  examlng  the  SAR  Imagery  for  evidence  of  an 
eddy. 
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Figure  5a.  Model  simulation  of  Ice  floe 

distribution  for  5  July.  Note  for 
this  low  wind  condition,  the  Ice  floe 
distribution  reflects  the  eddy  surface 
circulation. 
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Figure  Sb.  Model  simulation  of  Ice  floe 

distribution  for  7  July.  Under  this 
high  wind  condition  the  eddy  Is  not 
readily  visible. 

«.  SUMMARY 

By  virtue  of  the  SAR's  Imaging  capabilities, 
such  as  all-weather  Imaging,  high  resolution,  and 
large  dynamic  range  of  backscatter  from  SAR  Ice 
and  open  ocean.  Information  on  the  Important  MIZ 
parameters  can  be  derived  from  SAR  data. 
Information  on  Ice  edge  position  and  location  of 
Ice-edge  eddies,  for  example,  can  be  obtained 
directly  from  examination  of  the  Imagery.  With 
machine-assisted  manual  Image  analysis,  estimates 
of  Ice  concentration,  floe  size  distributions, 
and  Ice  field  motion  can  also  be  derived. 

The  SAR  observations  show  that  the  MIZ  Ice  cover 
Is  highly  variable  and  exhibits  rapid  dynamic  and 
thermodynamic  responses.  At  the  Ice  edge,  during 
light  to  moderate  wind  conditions,  the  Ice  drift 
mirrors  the  ocean  circulation.  Radar  derived  Ice 
kinematics  also  provide  Information  on  ocean 
eddies  beneath  the  Ice  In  the  Interior  of  the 
MIZ.  This  Information  would  be  greatly  Improved 
by  more  frequent  Imaging  of  the  MIZ  which  would 
separate  the  advectlve  from  the  temporal  changes. 
These  Imaging  radar  aircraft  observations  show 
that  forthcoming  polar  orbiting  satellites  with 
SAR,  such  as  the  European  Research  Satelllte-1 
(ERS-1),  can  provide  high  resolution  (30  m) 
Information  on  Ice  edge  position.  Ice  morphology 
and  Ice  kinematics  which  will  allow  us  to  achieve 
new  understanding  of  the  ca^lex  Interactions  In 
the  MIZ. 
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ABSTRACT 

A  frequently  observed  plicnomcnon  In  synthetic 
aperture  radar  (SAR)  Imagery  of  the  Marginal  lee 
Zone  (Ml Z)  are  ocean  gravity  waves  entering  the 
pack  ice.  These  observations  are  useful  for 
several  purposes.  They  provide  Information  on  the 
wave  activity  in  the  M1Z.  The  presence  or  absence 
of  waves  may  also  indicate  differences  in  surface  . 
ice  conditions.  Measurement  of  wavelengths  and 
directions  from  the  SAR  dat?  may  also  Indicate 
refraction  due  to  a  surface  current  field  such  as 
that  associated  with  mcsoscale  oceanic  eddies. 

These  waves  also  provide  a  unique  test  of  SAIl  ocean 
wave  imaging  theories. 

Keywords:  Synthetic  Aperture  Radar,  Marginal  Ice 
Zone,  Ocean  Wave  Imaging,  Velocity  Bunching 


1.  IIITROUUCT 10M 

Ocean  waves  propagating  Into  the  MIZ  have 
commonly  been  observed  in  SAR  imagery.  These 
observations  are  use(ul  for  several  purposes.  They 
provide  information  on  the  wave  activity  in  the  MIZ 
which  may  affect  acoustic  noise  levels.  The 
presence  or  absence  of  waves  In  the  SAR  data  may 
also  indicate  differences  in  the  surface  Ice 
conditions.  Measurement  of  wavelengths  and 
directions  from  the  SAR  data  may  also  Indicate 
refraction  due  to  a  surface  current  field  such  as 
that^ associated  with  mesoscale  oceanic  eddies. 

The  observation  of  waves  in  the  pack  ice  also 
provides  a  unique  test  of  SAR  ocean  wave  imaging 
theories.  Recall  that  open  water  ocean  waves  are 
thought  to  be  imaged  due  to  some  combination  of 
tilt  modulation,  hydrodynamic  modulation,  and 
velocity  bunching  (Ref.  I).  Once  in  the  pack  Ice, 
there  Is  no  hydrodynamic  modulation  contribution. 
Additionally,  we  do  not  suffer  the  same  degradation 
in  azimuth  resolution  due  to  the  limited  coherence 
time  of  the  scattcrcrs  in  the  open  ocean  (Ref.  2). 
This  leaves  the  tilt  modulation  contribution  which 
should  dominate  for  range-travel  lug  waves  and 
velocity  bunching  which  should  be  the  dominant 
mechanism  for  az Imuth-travel Ing  waves. 


Tills  paper  presents  Initial  results  from  the 
Marginal  Ice  Zone  Experiment  1 907  (HIZEX  ’0/). 

Although  preliminary,  these  results  are  promising 
and  clearly  Indicate  the  need  for  further  study. 
Rcconiucndatlons  for  these  additional  analyses  are 
also  presented  below. 

2.  DAIA  SET 

The  data  we  have  studied  to  date  were  collected 
by  the  SIAR-2  X-band  (3.2  cm  wavelength}  SAR  system 
on  2  April  1987  during  the  HIZEX  ’87.  Ilic  SIAil-2 
system  collects  data  over  a  OJ  km  wide  swath  from  a 
nominal  altitude  of  29,000  ft  (U.O  km),  the 
resolution  of  this  system  Is  approximately  5.6  m  In 
azimuth  and  15  m  In  range,  lho  system  Is  flown  In 
a  Cessna  Conquest  turboprop  alrcralt  which  has  on 
airspeed  of  about  250  knots.  Ilurlng  IIIZIX,  » 
typical  mission  consisted  of  a  fllyiit  pattern  which 
provided  a  370  km  by  150  km  mosaic  oriented  north- 
south.  I  lie  mosaic  lor  2  April  Is  presented  In 
Figure  I.  On  the  2  April  flight,  an  east-west  pass 
was  flown  which  Intersected  the  mosaic.  Ihls  pass 
Imaged  prl*iarlly  range-traveling  waves  In  the  Ice 
while  one  of  the  north-south  mosaic  passes  Imaged 
the  same  waves  traveling  primarily  In  the  azimuth 
direction.  Ihesc  passes  provide  a  unique  data  set 
with  which  to  study  the  Imaging  questions  described 
above,  lhe  north-south  line  contains  waves  In  the 
Ice  over  a  distance  of  200  km.  lbcse  data  allow  us 
to  Investigate  the  spatial  variability  o(  the 
waves.  It  should  be  noted  that  waves  were  not 
observed  In  the  open  water.,  Ihls  Is  probably  due 
to  the  system  gain  being  set  too  low  to  observe 
Ihesc  features. 

A  series  of  surface  measurements  were  performed 
during  the  SAR  data  collection  which  will  aid  our 
analyses.  Wave  measurements  were  performed  by 
pltch-and-rol!  and  wavcrlder  buoys  both  In  open 
water  and  at  various  distances  Into  the  pack, 
llicse  provide  measurements  of  the  wave  amplitudes, 
frequencies,  and  directions  which  wc  plan  in  use  In 
our  SAR  simulation  models  lor  crwiiarisuii  with  the 
actual  SAR  data,  lhe  wave  measurements 
corresponding  to  the  2  April  SMI  data  collection 
arc  presented  In  Figure  2.  Ihesc  measurements 
Include  the  Integrated  frequency  spectrum  (all 
directions)  as  well  as  the  direction  of  peak 
spectral  energy  ami  the  directional  width  of  the 
spectrum.  Aerial  photography  was  also  taken  Irum  a 
helicopter,  these  photos  will  allow  us  to 
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Figure  1.  SAP  Mosaic  Irom  2  April  Including 

Locations  Where  Wave  Measurements 
Were  Perlormed 
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Figure  2.  Wave  Measurements  Perlormed 


tlrltMHilnc  lilt'  1(1-  coinl  1 1  I  min  Ml 

Ihry  1 1' !  .1 1 C  to  t  lie  obxriv. Utility  of  wivrs  lo  I  lie 
SAH  image .  Several  AIM.US  limiys  Here  mm.ltoiccl  III 
the  test  area  to  provide  current  tufoim.it  Ion. 
these  Hicasurcmcnts  will  help  IIS  deter  mine  whellmr 
any  observed  I  i’ll  act  I  (III  In  the  w.ive  ml  Im  it.;-,  r.„, 
be  ascribed  to  a  spatially  vaiylng  cut  unit  Held. 

3.  ANALYSIS  AND  III  SUL  IS 

A I  lliotnjh  not  observed  aL  the  riyjucfil  scale,  the 
vraves  entering  the  pack  In  figure  I  appear 
disordered  near  the  Ice  edge  and  become  more 
ordered  as  they  propagate  into  the  pack,  lo  study 
this,  we  generated  two  sets  of  SAP  Image  spcdi.i  at 
the  localions  Indicated  In  Figure  I.  Une  set  was 
located  Immediately  Inside  Hie  Ice  edge  while  the 
oilier  was  ail  additional  U  km  Into  lire  pack.  Ihesc 
spectra  wc'ie  generated  by  extract  lug  7tn  azimuth 
pixel  by  25G  ramie  pixel  subsets  fium  the  original 
digital  data,  lhese  subsets  were  Ihcn  averaged  In 
azimuth  tu  produce  2GG  Iry  25G  pixel  Images 
represent  lug  1.3  km  In  azimuth  and  3. II  km  In  range, 
lire  ffl  of  these  areas  was  generated  and  the 
magnitude  spectrum  calculated,  these  weie  then 
plotted  as  contour  plots  and  manually  examined, 
lliroe  sets  of  these  plots  are  presented  In  rigure  3 
and  the  extracted  wave  Information  from  each 
location  Is  given  In  (able  1. 

Consistent  with  the  visual  nbsci  vat  loirs,  the 
waves  typically  become  more  ordered  as  they 
propagate  Into  tire  pack,  litis  Is  evidenced  l.y 
their  dec i easing  directional  spread  (width).  |n 
only  one  case  (locution  1)  did  lire  wldlli  Inneasr 
will'  distance  Into  the  pack,  lire  wave  measurements 
In  Figure  2  Indicate  a  peak  energy  pci  Im)  of  M.)  s 
which  results  In  a  deep  water  wave  length  of  j|g  m. 
Additionally,  the  Measurements  Indicate  a  peak 
energy  direction  of  325  degrees  arid  a  width  of  t’.G 
degrees,  lhese  measurements  were  perlormed  oil  the 
ship  very  near  the  Ice  edge  so  lire  laige 
(II  reel  lima  I  width  Is  not  surprising  Irased  on  tin- 
SAIt  measurements.  Ilie  peak  directions  measured  Iry 
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Table  1.  SAli-DerIved  Wave  Estimates 
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- ]i'e »4?a * s  described  above  represents  only 
itfai  look  at  what  promises  to  be  an  exciting 
data  set.  The  results  from  this  initial 
■am ina l Ion  Indicate  t/iat  tlicrc  Is  substantial 
■r lability  in  tlic  SAlt  wave  Imaijcs.  We  are 
l^rscutly  analyzing  aerial  pliotograpliy  of  our  test 
site  and  are  hoping  to  correlate  ice  conditions  to 

fe  visibility  and  characteristics,  licsults  from 
s  study  will  be  reported  during  the  oral  portion 
this  paper. 


A.I.IM  I...MI  arllvltlr,  which  will  I..-  1 1., 

ano  icpmlf.l  on  1  m:  linli- :  exam In  I  tig  |  l.o  iAII  w.,vr 

11,11,1  ,or  ,  p *  rat  l  Ion  ami  n.>i  i  clat  Inn  any 
observations  with  available  sm  fare  tt„,(nl  ,1.1, 
cnmnarlm,  II, c  SAlt  data  collected  at  II, I  t.„,V 

. . .  ycneiallny  s  Imu  lal  Inns  n(  ( („•' c  wave 

Images  usI.m,  -xlsthn,  mod, -Is.  fl.cse  

'.d!,,  "!'  ll,c  1  "d  1  y  •  dna  I  coni,. but  Inns  of 

<  1  *?V  V,'1Ve  "•••C'anlsms.  ll,C5r  .esnlts 

*'  ,,Mke  so"ie  del  ln|  1 1  ye  conclusions 

on  the  SAlt  Imaging  pioccss  lor  waves  In  the  Ice. 


5.  ACKflOV/L  EUUCMLfl  I S 

Tills  wo,  k  was  sii|i|iui  ted  by  the  i>|||rP  n.lv.,| 

llesearch  (OUlt)  under  Contract  tin.  IIOUUI 1  -Ul -C -U?VS 
Hie  tccnilcal  monitor  lor  this  work  |s  Mr  Charles 
Luther. 

0.  Hll  LltlUCLS 

1.  Ilasseh, , am,  K  ct  al  I'W'i.  Iheoiy  o(  syiithellc 
aperture  radar  ocean  Imaging:  a  llAltSUI  view, 
d_-  (Icupliys .  lies,  vol  9U(U),  4GV)-4bU0. 

2.  lytcmja  I)  t  ct  al  11115,  SAlt  Imaging  ol  waves  In 
water  ami  Ice:  evidence  lor  velocity  bunching 
J.  f.euphys-  lies,  vol  M^U),  lUJI-iUJG. 


3. 


Haney  K  l  l.owry  II  1971),  Oceanic  wa  vc  im-Vjcry 
and  wave  spectra  distortions  by  synthetic 
aperture  tadar,  Proc ,12th  Intel national  on 
Remote  Sens  i  ni|  o i ~ Liiv  i  i  oilmen j iigii 1  1  a  Apr  1 1 

ly/ii,  Go j-;v>2 . 


I 

I 

i 

.•» 

i 

» 


.  Location  1  -  llegion  1  (l-l) 


f['\. 


•»  *  *  .»» 
•  ••#•  (•  *| 


U-D 

(3-1) 

(5-1) 

;£•» , 

• •  • 

U'v'f. 

Vt-u 

i 

*■ 

.M  It 

(3-2) 

| 

Va-2) 

'vc* 

( 

r>  i 

•  *j 

%*  ’ 

l' 

| 

figure  3.  Contour  Plots  of  SAH  I  mane  Surrt 


Reprint  Series 

24  April  1987,  Volume  236,  p.  427-439 


SdENCE 


Ice-Edge  Eddies  in  the  Fram  Strait  Marginal  Ice  Zone 


O.  M.  JOHANNESSEN,  J.  A.  JOHANNESSEN,  E.  SVENDSEN, 

R.  A.  Shuchman,  W.  J.  Campbell,  E.  Josberger 


Remote  Sensing  of  the  Fram  Strait  Marginal  Ice  Zone 


R.  A.  Shuchman,  B.  A.  Burns,  O.  M.  Johannessen, 

E.  G.  Josberger,  W.  J.  Campbell,  T.  O.  Manley,  N.  Lannelongue 


Mesoscale  Oceanographic  Processes  Beneath  the 

Ice  of  Fram  Strait 

T.  O.  Manley,  J.  Z.  Villanueva,  J.  C.  Gascard,  P.  F.  Jeannin, 

K.  L.  Hunkins,  J.  Van  Leer 


Ocean  Dynamics  and  Acoustic  Fluctuations  in  the 
Fram  Strait  Marginal  Ice  Zone 

Ira  Dyer,*  Peter  H.  Dahl,  Arthur  B.  Baggeroer, 

Peter  N.  Mikhalevsky+ 


Physical  Properties  of  Sea  Ice  Discharged  from 

Fram  Strait 

Anthony  J.  Gow  and  Walter  B.  Tucker  III 


Copyright  ©  1987  by  the  American  Association  for  the  Advancement  of  Science 


Ice-Edge  Eddies  in  the  Fram  Strait  Marginal  Ice  Zone 


O.  M.  JOHANNESSEN,  J.  A.  JOHANNESSEN,  E.  SVENDSEN, 
R.  A.  Shuchman,  W.  J.  Campbell,  E.  Josberger 


Five  prominent  ice-edge  eddies  in  Fram  Strait  on  the  scale  of  30  to  40  kilometers  were 
observed  over  deep  water  within  77*N  to  79*N  and  5*W  to  3*E.  The  use  of  remote 
sensing,  a  satellite-tracked  buoy,  and  in  situ  oceanographic  measurements  showed  the 
presence  of  eddies  with  orbital  speeds  of  30  to  40  centimeters  per  second  and  lifetimes 
of  at  least  20  days.  Ice  ablation  measurements  nude  within  one  of  these  ice-ocean 
eddies  indicated  that  melting,  which  proceeded  at  rates  of  20  to  40  centimeters  per  day, 
is  an  important  process  in  determining  the  ice-edge  position.  These  studies  give  new 
insight  on  the  formation,  propagation,  and  dissipation  of  ice-edge  eddies. 


ONE  OBJECTIVE  Of  THE  MARGINAL 
Ice  Zone  Experiment  (MIZEX-84) 
program  is  to  better  understand 
the  physics  of  mesoscale  eddies  along  an  ice 
edge  and  the  role  that  eddies  play  in  the 
processes  of  mass  and  heat  exchange  and  in 
controlling  the  position  of  the  ice  edge. 
Previous  studies  in  the  Fram  Strait  marginal 
ice  zone  (MIZ)  have  established  the  exis¬ 
tence  of  mesoscale  eddies  at  the  ice  edge 
with  scales  that  range  from  5  to  15  km  north 
of  Svalbard  (I)  to  50  to  60  km  in  the 
western  parts  of  the  Fram  Strait  (2).  Baro- 
tropic  and  barodinic  instability  mechanisms 
have  been  suggested  as  eddv-gencrating 
mechanisms.  Since  the  topography  of  the 
central  pan  of  the  Fram  Strait  is  complex 
(with  depressions  of  4000  to  5500  m  and 
seamounts  up  to  1400  m  below  the  surface), 
topographic  generation  and  trapping  of  ed¬ 
dies  have  also  been  suggested  (j).  A  two- 
dimensional  model  (4)  proposed  an  eddy 
generation  mechanism  that  included  differ¬ 
ential  wind-induced  ice  and  ocean  circula¬ 
tion.  This  report  describes  a  dedicated  eddy 
investigation  during  the  summer  of  1984 
between  77  '  ‘VN  along  die  ice  edge 

of  Fram  Strait.  The  study  used  remote  sens¬ 
ing;  conductivity,  temperature,  and  depth 
(CTD)  observations;  and  ice-drifting  satel* 


lite-tracked  buoys  that  were  suspended  with 
current  meters. 

Remote-sensing  observations  were  used 
in  a  near  real-time  mode  for  locating  eddies 
and  for  guiding  the  research  vessels  into  the 
eddy  region.  For  example,  the  high-resolu¬ 
tion  synthetic  aperture  radar  (SAR)  mosaic 
on  5  July  (Fig.  1)  clearly  shows  detailed 
surface  structure  of  an  eUiptically  shaped 
eddy  El  on  the  scale  of  —30  km.  Since  the 
wind  was  light,  the  floe-size  distribution  of 
50  to  500  m  reflected  the  upper  ocean 
circulation.  The  orbital  motion  was  cyclon¬ 
ic,  while  the  spiral  motion  of  ice  toward  the 
center  indicated  frictionaity  driven  inward 
radial  motion.  The  ice  concentration  was 
more  than  80%  at  the  center  of  the  eddy  (see 
Fig.  1,  A  and  B).  This  implied  that  there  was 
convergence,  and  that  ageostrophic  effects 
are  important  and  must  be  included  in  real¬ 
istic  models  of  these  eddies.  A  second  eddy 
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Fig.  1. 1 A  I  L-band  (1.2  GHz  >  mosaic  collected  on 
5  Julv  1984  with  the  X-C  L  band  SAR  system  of 
the  Environmental  Research  Institute  ot  Michi¬ 
gan  Canadian  Center  of  Remote  Sensing  In  the 
radar  image  bright  zones  represent  ice  and  the 
dark  zones  arc  icc  free  water  The  large  eddv  E 1  is 
clearly  visible  in  the  data  at  a  resolution  of  3  m  bv 
3  m.  (B>  The  interpretation  of  the  SAR  mosaic 
reveals  that  large  individual  floes  ,ai.  polvnvas 
and  ice-free  ocean  areas  ib),  30%  ice  concentra¬ 
tion  areas  with  10-  to  50C-m  floes  <ci.  80%  ice 
concentration  areas  with  10  m  to  1.5-km  floes 
(d),  and  80%  ice  concentration  areas  w  ith  10-  to 
6-km  floes  (c>  are  clearly  delineated  in  the  image. 
The  median  floe  size  for  the  areas  marked  c.  d.  and 
e  is  125,  150,  and  1000  m.  respectively .  The  dots 
in  (c)  indicate  increased  local  ice  concentration 
due  to  surface  currents.  Fig.  2.  NOAA-7 
AVHRR  image  obtained  on  4  Julv  1984.  The  left 
image  is  from  the  visible  band,  and  the  right 
image  is  simultaneously  obtained  from  the  infra¬ 
red  (IR)  band.  The  resolution  of  both  images  is  1 
km.  Five  eddies  (numbered  1  through  5>  are 
clearly  observed  in  the  IR  image  and  three  eddies 
can  be  distinguished  in  the  visible  band.  In  the  IR 
image  yellow  is  the  warmest  temperature  i4sCi. 
while  red,  light  blue,  and  black  (0°C)  represent 
decreasing  temperatures.  [Image  processed  bv  K. 
Kloster.  Christian  Michelsens  Institute.  Bergen. 
Norway.) 


E2  was  seen  south  of  El  and  was  centered  at 
78°05’N  and  3°55'W.  Slicks  and  bands  of 
ice  were  also  identified  that  indicated  inter¬ 
nal  wave  activity.  The  area  marked  “Band  of 
‘dead’  water”  off  the  ice  edge  was  a  distinct 
meltwater  zone. 

The  abundance  of  eddies  in  this  region 
(five  overall)  is  shown  in  an  image  obtained 
with  an  advanced  very  high  resolution  radi¬ 
ometer  (AVHRR)  aboard  the  National 
Oceanic  and  Atmospheric  Administration 
satellite  NOAA-7  on  4  July  (Fig  2).  Eddies 
El  through  E4  strongly  interacted  with  the 
ice  edge.  Analyses  of  earlier  AVHRR  im¬ 
ages  showed  that  on  26  June  El  started  to 
form  at  approximately  79°15'N  and  1°30'W 
and  was  fully  developed  by  29  June  at  79°N 
and  2°15'W.  This  suggested  an  upper  layer 
spin-up  time  of  the  order  of  3  days,  during 
which  time  die  mean  southward  advection 
of  the  eddy,  deduced  from  these  images,  was 
approximately  10  km/dav.  From  30  June  to 
1  July  El  moved  slowly  eastward.  The  spin- 
up  of  E2,  which  was  then  50  km  southwest 
of  El,  occurred  during  1  to  4  July. 

After  4  July,  cloudiness  precluded  the 
continued  use  of  die  NOAA  satellite  for 
monitoring  the  eddies.  However,  aircraft 
microwave  observations  continued  to  pro¬ 
vide  high- resolution  monitoring  of  the  ed¬ 
dies  and  demonstrated  that  radar  observa¬ 
tions  were  indispensable  for  the  experiment. 
Sequential  radar  images  through  16  July 
showed  that  El  was  nearly  stationary.  A 
northerly  wind  (2  days’  duration,  15  m/scc) 
erased  the  clear  ice  convergence  signature 
within  the  eddy  but  did  not  completely  erase 
the  boundary  signature,  and  demonstrated 
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Fig.  3.  Vertical  density 
structure  in  the  east-west  di¬ 
rection  perpendicular  to  the 
ice  edge  across  eddy  £1  near 
the  center  of  the  eddy.  The 
units  on  the  isopvcnals  are 
in  Apr. 


and  were  observed  tn  an  area  of  3 
km2.  They  transferred  heat  from  the  warm 
Atlantic  water  to  the  ice  and  thus 
enhanced  the  rates  of  ice  melting.  Edc 
the  MIZ  may  play  a  more  important  roie  in 
transfer  processes  than  eddies  do  in  'he 
temperate  oceans.  Both  short-  and  1<S- 
forecasting  models  for  range  the  ice  e^e 
position  must  include  the  effects  of  the 
eddies.  Because  of  the  close  spacing  of  i 
eddies,  our  observations  suggest  that 
tic  MIZ  models  must  include  eddv 
interactions. 
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that  imaging  radar  can  observe  ice-ocean 
eddies  even  under  high  wind  conditions. 
The  ice  convergence  structure  at  the  center 
reappeared  when  the  wind  decreased.  The 
remote-sensing  data  showed  that  El  had  a 
lifetime  of  at  least  20  days. 

Extensive  star  pattern  CTD  sections  of  El 
obtained  by  the  research  vessels  R.V.  Hiksm 
Mosby  and  R.V.  Kvitbjtm  during  the  period 
10  to  14  July  coupled  with  the  remote- 
sensing  observations  during  the  same  period 
give  a  nearly  synoptic  three-dimensional  pic¬ 
ture  of  the  eddy.  A  section  perpendicular  to 
the  ice  edge  (Fig.  3)  near  the  center  of  El 
showed  the  doming  and  surfacing  of  the 
isopvcnals,  and  indicated  tyclonic  motion 
down  to  500  m  and  confirmed  the  rotation 
that  was  seen  in  the  radar  image.  A  CTD 
section  in  the  north  to  south  direction  was 
obtained  by  R.V.  Polarstem  on  16  July  and 
extended  approximately  2500  m  through  to 
the  bottom  of  El.  This  section  showed  that 
El  was  actually  present  at  depths  of  800  to 
1000  m.  Measurements  of  current  velocity 
within  El  (obtained  by  a  satellite-tracked 
Argos  buoy  equipped  with  current  meters) 
measured  cyclonic  orbital  speeds  of  30  to  40 
cm/sec.  The  subsurface  structures  of  E4  and 
E5  were  also  confirmed  by  CTD  observa¬ 
tions. 

We  could  estimate  the  thermodynamic 
importance  of  eddies  in  determining  the  ice- 
edge  position  from  the  AVHRR  image 
(Fig.  2).  The  cyclonic  motion  of  each  eddy 
not  only  swept  ice  away  from  the  main  ice 
pack  but  also  transported  warm  Atlantic 
water  (3®  to  4®C)  beneath  the  ice.  Melt  rates 
from  die  bottom  of  the  ice  tongue  of  El 
varied  from  20  to  40  cm/day  in  contrast 
with  rates  of  2  to  3  cm/day  when  the  ice  was 
in  the  colder  Arctic  water.  To  estimate  eddy 
thermodynamics,  we  assumed  that  half  of 
the  eddy  was  coveted  by  ke  and  that  the  ice 
was  1.5  m  diick;  under  such  conditions  the 
observed  melt  rates  could  easily  account  for 
the  loss  of  approximately  350  km2  of  sea  ice 
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in  4  to  7  days.  Hence  at  an  eddy  spacing  of 
50  km  (Fig.  2),  these  eddies  alone  could 
cause  the  ice  edge  to  melt  at  a  rate  of  1  to  2 
km/dav  on  average.  Such  intense  melting 
was  also  observed  from  1  to  6  June  in  the 
vicinity  of  the  eddy  E4  (5).  The  warming 
and  thinning  of  the  ice  augmented  by  the 
eddies  also  made  the  ice  more  susceptible  to 
fracturing  by  waves  and  floe  collisions. 

All  of  the  eddies  observed  were  cyclonic 


l. 


O.  M.  Johanncsscn.  J.  A  Johanncsscn.  J.  Morison. 
B.  FirrcUv,  E.  Svendsen.  J  Gtafba  Rts  88. 
(1983). 

2.  P.  Widhams  and  V.  Squire,  ibid.,  p  2770 

3.  D.  C.  Smith.  I.  Morison.  J  A.  Johannessen.' 
Untcrsteiner,  i bid  89.  8205  1 1984). 

4.  S.  Hakkincn,  thesis.  Florida  State  University.  T| 
hassee  (1984). 

5.  R.  A.  Shuchman  tt  W..  Sana  236.  427 , 198) 

6.  This  research  was  supported  bv  the  Unrversit 
Bergen,  the  RcrvaJ  Norwegian  Council  for  Scientific 
and  Industrial  Research,  the  Norwegian  Research 
Council  for  Science  and  Humanities.  3k  U  S.  “ 
of  Naval  Research  (Arctic  Programsi.  and  the 
Geological  Survey. 


19  May  1986;  accepted  14  January  1987 


jnsoo. 

I 

1 

lennfic 

search 

*1 

I 


Remote  Sensing  of  the  Fram  Strait  Marginal  Ice  Zon| 


R.  A.  Shuchman,  B.  A.  Burns,  O.  M.  Johannessen, 

E.  G.  JOSBERGER,  W.  J.  CAMPBELL,  T.  O.  MANLEY,  N.  LaNNELONGUI 


Sequential  remote  sensing  images  of  the  Fram  Strait  marginal  ice  zone  played  a  key 
role  in  elucidating  the  complex  interactions  of  the  atmosphere,  ocean,  and  sea  >dH 
Analysis  of  a  subset  of  these  images  covering  a  1-week  period  provided  quantitati^ 
data  on  the  mesoscalc  ice  morphology,  including  ice  edge  positions,  ice  concentrations, 
floe  size  distribution,  and  ice  kinematics.  The  analysis  showed  that,  under  light  to 
moderate  wind  conditions,  the  morphology  of  the  marginal  ice  zone  reflects  til 
underlying  ocean  circulation.  High-resolution  radar  observations  showed  the  kxaticl 
and  size  of  ocean  eddies  near  the  tee  edge.  Ice  kinematics  from  sequential  radar  images 
revealed  an  ocean  eddy  beneath  the  interior  pack  ice  that  was  verified  by  in 
oceanographic  measurements. 


A  CENTRAL  PROBLEM  IN  STUDIES  OF 
the  Fram  Strait  marginal  ke  zone 
(MIZ)  is  the  definition  of  those 
mesoscalc  oceanic  and  atmospheric  process¬ 
es  that  determine  the  location  of  the  ice 
edge,  ice  morphology,  and  ice  deformation 
within  the  zone  as  well  as  the  quantification 
of  the  major  energy  and  momentum  ex¬ 
changes  taking  place  there  (i).  Because  mar¬ 
ginal  ke  zones  are  located  in  regions  that  are 
either  dark  or  cloudy  for  most  of  the  year, 
microwave  aircraft  and  satellite  observations 
are  the  best  means  of  obtaining  high-resolu¬ 
tion  synoptic  surface  information.  We  pre¬ 
sent  here  an  analysis  of  sequential  high- 


resolution  aircraft  synthetic  aperture  radar 
(SAR)  images  from  a  region  in  the  Fr 
Strait  north  of  79°N. 

Figure  1  shows  an  SAR  image 
on  6  July  1984.  This  image,  collected  du 
total  cloud  cover  from  an  altitude  of  6-7 1 
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has  a  spatial  resolution  of  3  m  bv  3  m  that  is 
independent  of  altitude.  Resolution  at  this 
scale  allows  estimates  of'  ice  concentration 
accurate  to  5%.  a  considerable  improv  ement 
over  radar  estimates  obtained  earlier  in  the 
same  area  during  the  Norwegian  Remote 
Sensing  Experiment  (2).  Higher  resolution 
increases  the  ability  to  identity  individual 
floes  and  thereby  pros  ides  more  detailed  ice 
kinematics.  In  Fig.  1  the  ice  edge  is  clearlv 


delineated,  as  are  polynvas  (areas  of  open 
water  or  reduced  ice  concentration),  ice 
floes  varying  in  size  from  tens  to  hundreds 
of  meters,  ice  concentrations  of  varying 
amounts,  and  the  R.V.  Polarqueen. 

Figure  2  shows  the  results  from  an  analy¬ 
sis  of  sequential  aircraft  images  collected  on 
29  and  30  June  and  on  6  July  1984.  Com¬ 
parison  of  these  images  shows  the  transfor¬ 
mation  of  a  relatively  north-south  ice  edge 


to  a  convoluted,  meandering  ice  edge.  These 
meanders  result  from  the  complex  interac¬ 
tions  along  the  boundary  between  the  rapid 
southward  East  Greenland  current,  the 
warm  northward-flowing  Atlantic  waters, 
and  the  highly  variable  winds  ( 3 ).  Ice  edge 
meanders  may  play  an  important  role  in  the 
generation  of  ice-ocean  eddies  (4)  because 
they  provide  the  initial  perturbation  in  the 
Ekman  transport  field  that  eventually  results 
in  eddies.  These  edge  reaturcs  are  composed 
of  ice  floes  ranging  from  50  to  500  m  in 
size,  which  are  die  result  of  gravin’  wave-ice 
interaction  and  eddy-induced  floe  collisions 
that  break  up  large  floes.  Under  moderate 
wind  conditions  the  ice  in  these  meanders 
reflects  the  MIZ  ocean  circulation  because 
the  individual  ice  floes  act  as  Lagrangian 
drifters  moving  with  the  current.  This  is 
particularly  true  in  the  summer  season, 
when  the  winds  arc  normally  light  ( less  than 
4  m/sec)  and  there  is  no  new  ice  forming 
that  would  freeze  floes  together. 

The  sequential  images  give  ice  drift  kine¬ 
matic  data;  the  ice  drift  vectors  t  Fig.  2 )  were 
derived  by  locating  the  same  floe  in  different 
images  on  29  June  and  then  on  6  July.  The 
kinematic  data  reveal  three  regimes  of  floe 
drift  during  this  7-dav  period.  First,  the 
floes  at  the  edge  moved  fastest,  an  average 
distance  of  75  km  ( 12.5  cm/sec),  in  a  south¬ 
westerly  direction,  parallel  to  the  ice  edge. 
Second,  floes  west  of  2°E.  at  distances  great¬ 
er  than  40  km  from  the  edge,  moved  ap¬ 
proximately  45  km  (7.5  cm/sec)  to  the 
south.  Finally,  in  the  region  around  the 
Polarqueen  the  ice  drift  was  only  15  km  (2.5 
cm/ sec)  to  the  southwest. 

The  decrease  in  speed  and  the  change  in 
direction  of  the  ice  floe  drift  across  the  MIZ 
result  from  different  forces  acting  on  the  ice 
in  the  interior  and  at  the  edge.  The  interior, 
with  greater  ice  concentration  and  larger 
floes,  is  more  strongly  influenced  by  internal 
ice  stress  than  the  ice  edge,  which  normally 
has  lower  ice  concentrations  and  smaller  floe 
sizes.  The  wind  forcing  also  vanes  across  the 
MIZ  because  the  edge  region,  with  smaller 
floe  size  and  lower  ice  concentration,  has  a 
greater  roughness  than  the  interior.  The 
third  feature,  the  region  of  dramatically 
reduced  ice  drift,  occurred  at  precisely  the 
same  time  and  location  at  which  an  ocean 
frontal  meander  was  observed  in  the  dynam¬ 
ic  height  topography  produced  by  a  helicop¬ 
ter-based  conductivity,  temperature,  and 
depth  (CTD)  section  (5).  Furthermore,  the 
drift  of  a  sound  fixing  and  ranging  (SO- 
FAR)  buoy  at  a  depth  of  100  m  (Fig.  2) 
through  this  anomalous  ice  drift  area 
showed  that  this  meander  was  a  cyclonic 
ocean  eddy.  The  location  and  size  of  this 
eddy  was  such  that  its  circulation  was  op¬ 
posed  to  the  general  ice  drift  direction. 
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Flfl.  1.  L-band  (23-cm)  SAR  imagery  for  6  July.  This  image  was  obtained  by  the  Environmental 
Research  Institute  of  Michigan  (ER1M)  X-C-  and  L-band  SAR  mounted  aboard  the  Canada  Centre  for 
Remote  Sensing  Convair  580  aircraft,  The  enlargement  of  the  area  around  the  Polarqueen  shows  the 
detailed  ice  information  that  a  SAR  can  provide.  In  the  interpretation  solid  black  areas  represent 
individual  floes,  and  white  areas  represent  ice-free  ocean  and  polvnyas.  Areas  A  through  D  have  the 
following  ice  concentrations,  floe  size  ranges,  and  median  floe  sizes,  respectively;  (A)  20%  to  45%,  8  to 
500  m.  and  125  m;  (Bs  45%  to  70%.  0.5  to  2.5  km,  and  1  km;  (C)  70%  to 90%,  8  to  500  m,  and  100 
m;  (D)  80%  to  100%,  10  m  to  9  km.  and  1  km. 
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Fig.  2.  Composite  sketch  of  ice  edge,  concentration,  and  floe  size  for  29  and  30  June  and  for  6  July 
1984  derived  from  remotelv  sensed  data.  Data  from  the  ER1M  SAR  and  the  Centre  National  dTtudes 
Spatiaics  B- 1  7  Thompson  VAR  VAN  X-band  side-looking  airborne  radar  determined  the  ice  edge 
position.  The  more  detailed  information  about  ice  concentration  and  floe  sizes  were  provided  by  the 
SAR  as  were  the  ice  kinematics  vectors  which  resulted  from  identify  ing  individual  ice  floes  and  their 
positions.  Also  indicated  on  the  figure  are  the  track  of  a  SOFAR  buov.  bathymetry  contours  (fine 
brown  lines),  and  local  surface  wind. 


which  reduced  the  ice  drift  velocities. 
Hence,  the  eddy  slowed  the  ice  drift  in  one 
region,  changed  the  drift  direction  in  the 
other  region,  and  possibly  augmented  the 
drift  to  the  north. 

During  this  7-dav  period,  not  only  did  the 
ice  edge  configuration  change  dramatically 
but  so  did  the  ice  concentration  distribu¬ 
tion.  On  29  and  30  June  the  first  6  km  from 
the  edge  had  a  10%  concentration,  and  the 
remaining  ice  field  had  a  concentration  of 
80%  or  greater.  In  contrast,  the  6  July  data 
show  a  15-km-wide  diffuse  ice  edge  zone 


with  an  ice  concentration  of  50%,  large  floes 
close  to  the  ice  edge,  and  the  region  of  80% 
concentration  farther  from  the  edge  caused 
by  a  northerly  wind  event  from  2  to  4  July. 

Ice  advection  and  ablation  control  the  ice 
edge  position.  For  example,  a  20-km  south¬ 
easterly  ice  edge  advance  in  the  area  between 
80°20'N  4°E  and  79°40'N  2°40'E  on  Fig 
2  was  the  result  of  ice  advection  from  the 
northeast.  The  SAR-derivcd  ice  drift  mea¬ 
surement  of  75  km  to  the  southwest  near  the 
ice  edge  confirms  that  the  ice  edge  near 
80°20'N  4°E  on  30  June  is  the  same  ice  edge 
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near  “9=40'X  2:40  E  on  6  July  and  thafec 
was  advected  into  this  region  from  the 
northwest. 

Bottom  ablation  measurements  madj 
this  region  varv  from  almost  0  m  dav  wl 
the  ice  is  in  cold  Polar  water  to  the  verv  high 
value  of  0.5  m  dav  when  it  comes  in  corMkt 
with  warm  1 3°  to  4=C  i  north  Atlantic  w  flr 
The  disappearance  of  the  ice  meander  at 
79°20'N  3°E  between  30  June  and  6  Julv 
corroborates  the  ablation  measurements  Bd 
shows  the  importance  of  bottom  ablatic^pt 
the  ice  edge.  This  feature  was  visible  on  29 
and  30  lune  and  had  disappeared  bv  6 
(Fig.  2).  The  SAR-derivcd  concent  ra  Bn 
measurements  and  areal  cov  erage  of  Be 
feature  yielded  a  net  ice  area  of  approximate¬ 
ly  500  km\  and  ice  in  this  area  is  tv picata2 
m  thick.  The  ice  ablation  measurcmKs 
made  in  this  region  at  the  same  rimefln 
easily  account  for  the  disappearance  of  the 
ice  edge  feature  within  a  6-dav  period.  H 

In  summary,  these  imaging  radar  obseBi- 
tions  show  that  the  MIZ  ice  cover  is  hignlv 
variable  and  exhibits  rapid  dynamic  md 
thermodynamic  responses.  At  the  ice  cK:. 
during  light  to  moderate  wind  conditi^B. 
the  ice  drift  mirrors  the  ocean  circulation 
The  seaward  migration  of  the  ice  edar. 
caused  by  either  meandering  ocean  curBt 
or  off-ice  w  ind,  is  ultimately  controliciWv 
ice  ablation.  Radar-denved  ice  kinematics 
also  provide  information  about  ocean  cd£s 
beneath  the  ice  in  the  interior  of  the 
This  information  would  be  greatly  im¬ 
proved  by  more  frequent  imaging  of  the 
MIZ.  which  would  separate  the  advciBe 
from  the  temporal  changes.  These  imaB? 
radar  aircraft  observations  show  that  forth¬ 
coming  polar  orbiting  satellites  with  5^.. 
such  as  the  European  Research  SatellitB. 
can  provide  high-resolution  (30-m)  tiBr- 
mation  about  ice  edge  position,  ice  mor¬ 
phology,  and  ice  kinematics  that  shtMd 
allow'  us  to  achiev  e  greater  undcrstandirBit 
the  complex  interactions  in  the  MIZ. 
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Mesoscale  Oceanographic  Processes  Beneath  the 
Ice  of  Fram  Strait 


T.  O.  Manley,  J.  Z.  Villanueva,  J.  C.  Gascard,  P.  F.  Jeannin, 
K.  L.  Hunkins,  J.  Van  Leer 


A  major  component  of  the  Fram  Strait  Marginal  Ice  Zone  Experiment  was  the 
investigation  of  air- sea- ice  interactions,  processes,  and  circulation  patterns  found 
behind  the  local  ice  edge  and  on  scales  greater  than  10  kilometers  (mesoscale  and  large 
scale).  Neutrally  buoyant  floats,  ice-tethered  cyclesondes,  and  helicopter-based  mea¬ 
surements  were  used  to  obtain  uniquely  integrated  and  consistent  views  of  the 
mesoscale  ocean  features  beneath  the  ice  cover  of  Fram  Strait.  Within  the  vicinity  of 
the  Yermak  Plateau,  three  distinct  regions  of  mesoscale  motion  were  observed  that 
coincided  with  the  shallow  topography  of  the  plateau,  the  northward  flowing  Atlantic 
water  over  the  western  flank  of  die  plateau,  and  the  strong  current- shear  zone  of  the 
East  Greenland  Polar  Front.  A  subice  meander  of  the  front  was  also  observed,  which 
was  probably  occluded  subsequendy. 


Fram  Strait,  which  lies  between 
Greenland  and  Spitzbergen,  is  an  area 
of  primary  exchange  between  the 
Arctic  and  Atlantic  Oceans.  Within  this 
region,  strong  open-ocean  and  ice-edge  me¬ 
soscale  activity  between  the  southward  flow¬ 
ing,  ice-covered  polar  waters  of  the  East 
Greenland  Current  and  the  warmer,  north¬ 
ward  flowing  waters  of  Atlantic  origin 
(West  Spitsbergen  Current)  has  been  linked 
to  substantial  cross-frontal  transfers  of  heat, 
salt,  biomass,  and  chemical  constituents  ( 1 ). 
Observations  of  such  activity  beneath  the 
ice-covered  surface  of  the  Arctic  Ocean  and 
its  peripheral  seas  have  been  rare  (2),  and 
even  more  detailed  work  within  Fram  Strait 
before  1984  [2,  3)  provided  only  slighdy 
improved  results. 

The  Marginal  Ice  Zone  Experiment  (MI- 
ZEX-84)  provided  detailed  information 
about  subice  mesoscale  oceanography  with¬ 
in  a  50,000-km2  sector  of  Fram  Strait  from 
mid-June  to  mid-July  1984.  Within  this 
region,  three  different  techniques  were  used 
to  monitor  mesoscale  processes.  Neutrally 
buoyant  (nearly  isobaric)  drifting  floats  at 
depths  of  about  100,  200,  and  250  m 
(decibars)  were  tracked  hourly  by  underwa¬ 
ter  acoustic  ranging.  Cyclesondes  acquired 
data  on  conductivity,  temperature,  and 
depth  (CTD)  as  well  as  on  velocity,  light 
transmission,  and  downweiling  irradiance 
while  vertically  cycling  every  hour  within 
the  upper  200  m  of  the  water  column  on  a 
taut  wire  rope  attached  to  a  free-drifting  ice 
floe  (Argos  positioning).  Two  rapidly  de¬ 
ployed  helicopter-based  CTD  systems  nomi¬ 
nally  provided  continuous  data  to  depths 
of  600  m.  Although  differing  widely 
in  measuring  characteristics,  these  tech¬ 
niques  provided  unique,  consistent,  and 
complementary  views  of  the  subice  meso¬ 
scale. 


The  helicopter-based  CTD  data  provided 
a  view  of  mesoscale  activity  beneath  the  ice 
cover  shown  in  the  map  of  dynamic  topog¬ 
raphy  of  the  sea  surface  (synoptic  over  a  5- 
week  data  interval;  Fig.  1,  top).  The  con¬ 
tours  of  dynamic  height  represent  stream¬ 
lines  of  surface  geostrophic  currents  relative 
to  an  assumed  level  of  no  motion  at  200  m. 
The  larger  scale  feature  trending  north- 
northeast  is  the  East  Greenland  Polar  Front 
(EGPF),  which  defines  the  major  division 
between  the  warmer,  more  saline  water  of 
Atlantic  origin  to  the  east  and  the  cooler, 
less  saline  southward  flowing  waters  of  Arc¬ 
tic  origin  to  the  west. 

Superimposed  on  the  EGPF  is  a  frontal 
meander  (about  80.7®N,  1.0°E)  that  has  a 
nominal  diameter  of  30  km.  The  isolated 
features  to  the  east  and  west  were  typically 
smaller  (<20  km)  and  represent  discrete 
eddies  having  both  clockwise  and  counter¬ 
clockwise  rotation  with  core  depths  ranging 
from  near-surface  to  several  hundred  meters. 
More  of  these  features  appear  on  the  eastern 
side  of  the  front.  Although  this  zonal  varia¬ 
tion  may  reflect  a  lack  of  more  densely 
spaced  data  in  the  west,  it  mav  also  indicate 
very  different  generating  mechanisms  or  the 
influence  of  the  mean  circulation  patterns  on 
either  side  of  the  EGPF  (or  both).  Repre¬ 
sentations  of  surface  dynamic  topography 
obtained  by  using  deeper  reference  levels  of 
no  motion  (>200  m)  increased  the  number 
of  mesoscale  features  observed  and  in  one 
case  (no  motion  at  500  m)  reversed  an 
eddy’s  sense  of  rotation.  Thermal  mapping 
of  the  EGPF  south  of  79.5°N  identified 
two  additional  eddies  that  were  not  resolved 
by  dynamic  topography  because  of  masking 
by  the  stronger  signal  of  the  front.  One 
eddy  was  identified  as  it  passed  two  instru¬ 
mented  moorings  on  the  East  Greenland 
slope  (4). 


In  contrast  to  the  Eulerian  mapping  of 
purely  geostrophic  baroclinic  motion  de¬ 
duced  from  horizontal  density  variations 
within  the  ocean,  float  trajectories  depicted 

a  L - "rian  view  of  the  circulation  patterns 

beneath  the  ice  (Fig.  1.  bottom)  resulting 
from  both  baroclinic  and  barotropic  motion 
(currents  due  to  sea  surface  tilt).  Although 
the  float  trajectories  are  complicated,  the 
prevalence  of  the  mesoscale  activity  super¬ 
imposed  on  the  larger  scale  motion  is  readily 
apparent,  especially  north  of  80.25°N. 
South  of  this  latitude,  average  trajectories 
were  to  the  southwest.  A  divergence  zone 
centered  at  80.0°N  and  1°E  was  indicated  by 
both  float  and  ice-moored  cvclesonde  drift 
tracks.  This  may  be  due  to  a  strong  destabili¬ 
zation  of  the  EGPF  as  it  leaves  the  western 
slope  of  the  Yermak  Plateau  and  travels  over 
deep  water  toward  the  Greenland  Shelf.  An 
analogy  to  this  would  be  the  observed  in¬ 
crease  in  meandering  of  the  Gulf  Stream  as  it 
leaves  the  continental  slope  region  off  the 
North  American  coast  (5). 

Anticyclonic  behavior  of  one  of  the  south¬ 
ern  floats  (80°N,  2°W)  could  not  be  directly 
accounted  for  in  the  surface  dynamic  topog¬ 
raphy  because  of  temporal  disparity  in  the 
data  sets.  Frequently,  however,  eddies  with 
similar  rotational  characteristics  have  been 
observed  embedded  in  the  EGPF  (4). 

Detailed  analysis  of  float  trajectories  north 
of 80.25°N  showed  three  distinct  patterns  of 
movement  (denoted  by  I,  II,  and  III  in  Fig. 
1)  that  were  strongly  related  to  sea  bottom 
topography.  The  first  pattern  (group  I)  was 
exhibited  bv  floats  over  the  Yermak  Plate  hi 
where  trajectories  reflect  bottom-trapped 
motion.  Two  of  these  floats  were  situated 
over  and  remained  close  to  small  bathymet¬ 
ric  highs  that  rose  about  300  m  above  the 
surrounding  depths.  The  third  float  was 
located  within  the  intervening  800-m-decp 
saddle  and  cycled  between  the  other  two 
floats.  Typical  fluid  motions  were  elliptical 
and  preferentially  cyclonic,  with  much  larger 
oscillations  in  the  north-south  direction 
(tens  of  kilometers)  than  in  the  east-west 
direction  (a  few  kilometers).  The  most 
southerly  of  these  floats  was  trapped  in 
cyclonic  movement  for  36  days  over  the 
topographic  high  where  it  was  intentionally 
deployed  (Fig.  I,  bottom,  point  A).  Hydro- 
graphic  data  indicated  a  weak  dynamic  sig¬ 
nature  (anticyclonic)  over  the  southern  edge 
of  this  same  bathymetric  high  (Fig.  1,  top, 
point  A),  on  24  June,  but  it  was  replaced  by 
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weakly  cyclonic  motion  several  days  later. 
Although  this  specific  motion  cannot  be 
accounted  for  by  tidal  motion  rectified  into 
a  clockwise  mean  flow  over  a  local  topo¬ 
graphic  high  (d),  it  can  be  interpreted  as  the 
entrapment  of  a  nonlocallv  generated  cy¬ 
clonic  eddy  that  had  an  appreciable  barotro- 
pic  component  of  flow  over  the  weak  baro- 
clinic  field.  The  observed  confinement  of 


-  W 
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floats  over  the  central  Yermak  Plateau  seems 
to  indicate  that  eddies,  once  trapped,  may 
eventually  decay  entirely  in  this  region.  If  so, 
this  area  may  represent  a  sink  for  heat,  salt, 
and  chemical  constituents. 

Group  II  is  a  transition  region  between 
groups  I  and  III  that  defines  those  trajecto¬ 
ries  having  steady  drift  to  the  north.  Small 
east-west  oscillations  (at  tidal  frequencies) 

LONGITUDE 

3  2  10  12  3 


are  common  and  may  become  large  enc^h 
to  shift  a  float  into  the  region  of  trapped 
motion  (group  I)  over  the  Yermak  PlaMu 
or  into  the  region  of  larger  scale  <  20  tAo 
km)  meandering  (group  III).  Although  sur¬ 
face  dvnamic  topography  does  not  show  this 
northward  flow,  mean  circulation  pattBis 
in  the  region  (7)  support  this  concept.  | 
Directlv  west  of  group  II  larger  meander- 

I 
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LONGITUDE 


Pig.  1.  Mesoscale  circulation  patterns  observed  beneath  the  ice-covered 
portion  of  Fram  Strait.  (InMt)  Position  of  the  survey  area  relative  to 
Greenland  and  Spitsbergen.  (Top)  Shaded  area  of  inset  map.  showing 
surface  dynamic  topography  with  200  m  as  the  level  of  no  motion.  The 
contour  interval  is  1  dynamic  centimeter.  Arrows  indicate  the  direction  of 
geostrophic  flow.  Small  open  circles  are  positions  of  helicopter  CTD 
stations.  The  EGPF  is  defined  by  close  spacing  of  contours  extending  north 


between  1*  and  4*W  from  79.7*N.  Isolated  features  (closed  contours)  | 
eddies.  {Bottom)  Trajectories  of  neutrally  buoyant  floats  (solid  lines) 
selected  cvclesonde  drift  tracks  (dashed  lilies).  Arrows  indicate  the  direction 
of  movement.  Eastward  drift  of  the  R.V.  PtUrpuen  is  shown  by  a  solid  I 
lute  drawn  from  the  end  of  the  most  easterly  cvclesonde  drift  track.  Poi 
defines  an  area  of  long-term  trapping  of  a  float  and  point  B  defines  | 
central  position  of  the  EGPF  meander. 
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ing  patterns  of  group  III  are  observed,  and  it 
is  within  this  area  that  all  three  data  sets 
documented  the  same  subicc  meander  of  the 
EGPF  (point  B  in  Fig.  1;  enhanced  in  Fig. 
2A).  Independent  analysis  of  the  float  trajec¬ 
tories  within  this  region  showed  that  the 
larger  scale  meandering  was  associated  with 
current-shear  of  the  EGPF  and  is  consistent 
with  helicopter-based  CTD  data.  Hvdro- 
graphically,  the  meander  was  mapped  over  a 
5-dav  period  before  30  June  and  was  nearly 
occluded.  The  central  core  of  the  meander 
was  atypical  of  the  ambient  conditions,  com¬ 
pletely  isolated,  and  composed  of  very  warm 
(>3°C)  water  of  Atlantic  origin.  Evidence 
that  the  meander  evolved  later  to  form  a 
cyclonic  eddy  can  be  seen  in  die  closed  loop 
patterns  of  the  two  floats  and  four  indepen¬ 
dently  drifting  cvclesondes  that  bounded  the 


future  over  a  2-week  period  beginning  on  1 
July  ( 8 ).  Ice  kinemadc  studies  from  synthet¬ 
ic  aperture  radar  mosaics  ( 9 )  also  showed 
consistent  patterns  of  ice  movement  direedy 
above  this  feature. 

The  most  detailed  transect  of  this  feature 
was  obtained  by  a  southward  drifting  cvcle- 
sonde  as  it  passed  near  the  central  core  of  the 
meander  (10).  Both  temperature  and  salinity 
cross  sections  defined  the  isolated  nature  of 
the  central  part  of  che  meander  near  the 
beginning  of  the  drift  (Fig.  2,  B  and  C).  The 
second,  deeper  core  near  the  right  side  of  the 
transect  may  represent  a  filament  of  Atlantic 
water  being  recirculated  to  the  south  as  pan 
of  the  Return  Atlantic  Current.  The  posi¬ 
tion  of  the  meander  also  coincided  with  a 
spur-trough  complex  of  similar  spatial  scale 
on  the  western  flank  of  the  Yermak  Plateau 


Fig.  2.  Detailed  mcws  of  the  EGPF  meander  A 
Float  trajectories  i  solid  lines  and  evdesondc  drift 
tracks  (dashed  lines i  superimposed  on  an  expand¬ 
ed  view  of  the  meander  in  surface  dvnamic  topoe 
raphe  i  point  B  in  Fig  1:  Arrows  indicate  the 
direction  of  float  mov  ement  Diamond  and  dot 
patterns  define  dailv  positions  of  floats  at  200  m 
and  100  m,  respectively.  Detailed  cross  sections  of 
temperature  iBl  and  salinity  iC  along  the  south¬ 
erly  drift  of  the  most  westerly  cvclcsonde  show 
the  isolated  core  of  the  meander  near  the  begin¬ 
ning  of  the  drift.  The  temperature  scale  (  - 1.8°  to 
3.2°C)  is  given  to  the  left,  the  salimtv  scale  1 32  “0 
to  34  96  parts  per  thousand)  is  to  the  right,  and 
the  time  axis  un  Julian  davs)  is  at  the  bottom  idav 
189  =  7  July). 


and  may  suggest  further  involvement  of 
bottom  topography  in  the  mesoscale  mo¬ 
tion. 

From  these  data  it  is  evident  that  meso¬ 
scale  activity  within  the  Fram  Strait  MIZ  is 
diverse,  encompassing  eddies,  fronts,  mean¬ 
ders,  and  motions  associated  with  the  inter¬ 
related  effects  of  tides  and  topographv.  Al¬ 
though  not  every  feature  is  described  fully  in 
this  report,  there  is  a  striking  correlation 
among  the  available  data  sets.  Baroclinic  or 
barotropic  instability’  (or  both),  topographic 
generation  through  potential  vorticitv  con¬ 
servation,  and  production  cf  mean  currents 
through  tidal  rectification  over  topography 
are  all  possible  generating  mechanisms.  Fur¬ 
ther  questions  relating  to  the  processes  that 
govern  the  evolution,  existence,  interaction, 
and  eventual  decay  of  mesoscale  phenomena 
are  still  unresolved. 
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Ocean  Dynamics  and  Acoustic  Fluctuations  in  the 
Fram  Strait  Marginal  Ice  Zone 

Ira  Dyer,*  Peter  H.  Dahl,  Arthur  B.  Baggeroer, 

Peter  N.  MikhalevskyI" 


Acoustic  waves  transmitted  over  a  100-kilometer  path  in  the  Fram  Strait  marginal  ice 
zone  undergo  Doppler  shifts  and  fluctuations  around  these  shifts,  the  former  due  to 
quasi-steady  motion  of  both  acoustic  source  and  receiver  and  the  latter  to  unsteady 
motions  of  the  water  column  and  ice  cover.  Internal  waves  and  differential  Doppler 
shift  usually  account  for  such  fluctuations  in  the  deep  temperate  ocean  but  only 
partially  explain  the  results  obtained  in  the  marginal  ice  zone.  There  the  fluctuations 
are  more  energetic  and  may  be  caused  alternatively  or  additionally  by  comparably 
energetic  fluctuations  in  ice-edge  eddies  or  other  mesoscale  motions. 


During  the  Fram  Strait  Mar- 
ginal  Ice  Zone  Experiment  (MI- 
ZEX-84),  an  acoustic  source  was 
deployed  on  R.V.  Polarquecti  and  a  receiv¬ 
ing  array  on  R.V.  Kvitbjom.  The  source 
emitted  narrowband  tones  at  carrier  fre¬ 
quencies  betwcn  25  and  200  Hz  for  a  10- 
hour  period.  During  this  time  chc  two  ships, 
about  100  km  apart,  were  drifting  with  the 
ice.  Generally  upward-refracting  but  vari¬ 
able  sound  speed  profiles,  an  undulating 
bottom  (mean  depth  -700  m),  and  a  vari¬ 
able  ice  cover  of  about  two-thirds  concentra¬ 
tion  characterized  the  overall  acoustic  envi¬ 
ronment.  Oceanographic  data  were  acquired 
for  the  acoustic  path  (about  80°47'N,  4°19'E 
to  about  80°20'N,  9°12'E)  as  well  as  for  the 
surrounding  region  (I). 

Acoustic  data  were  analyzed  to  determine 
Doppler  shift  and  fluctuations  around  the 
shift.  The  Doppler  shift  is  assumed  to  be 
quast-stcady  because  its  various  possible 
causes  arc  incrtiallv  set  by  large-scale  effects 
that  evolve  slowly  in  time.  More  rapid  fluc¬ 
tuations  can  be  caused  by  unsteady  motions 
of  the  water  column,  such  as  internal  waves. 
We  now  describe  both  the  quasi-steady 
Doppler  shifts  and  the  more  rapid  fluctua¬ 
tions.  Such  data,  when  inverted,  can  eluci¬ 
date  ocean  dynamical  properties  (such  as 
eddy  scale)  and,  when  applied  directly,  de¬ 
fine  elements  of  sonar  system  design  (such 
as  bandwidth). 

Under  the  assumption  that  the  phase  and 


Fig.  1.  Range  rare  A  obtained  from  the  observed 
Doppler  shift  frequency  on  19  June  1984.  The 
solid  line  indicates  Doppler  data;  the  broken  line 
indicates  satellite  data.  Time  is  given  as  hours 
Greenwich  mean  time. 


phase  rate  of  each  acoustic  path  are  uncorre¬ 
lated,  and  that  the  phase  rate  changes  as  an 
incoherent  sum  over  three  or  more  indepen¬ 
dent  events  along  the  propagation  path, 
several  investigators  (2-5)  have  shown  that 
the  normalized  complex  correlation  function 
of  the  signal  received  versus  time  is 

r(t)  =  exp[-2ir2vV  -  j2it/dt]  (1) 

where  t  is  the  time  delay  for  the  correlation, 
fa  is  the  Doppler  shift  frequency,  and  v  is  a 
fluctuation  parameter  known  as  the  root- 
mean-square  (rms)  single-path  phase  rate, 
which  is  taken  to  be  the  same  for  each  of  the 
dominant  paths.  Equation  1  can  be  obtained 
only  if  acceleration  of  the  source-receiver 
pair  is  negligible,  which  as  will  be  shown 
was  the  case  in  our  experiment.  The  spectral 
counterpart  of  Eq.  1  is 

s(f)  =  (21rvJ)-,/Jexp[-(/-/D)J/2v2]  (2) 

which  shows  that,  under  these  assumptions, 
the  spectrum  is  a  Doppler-shifted  Gaussian 
with  spread  proportional  to  v.  This  spec¬ 
trum  reasonably  fits  our  observations.  From 
the  data  we  can  extract /d  and  v,  the  former 
by  direct  observation  of  the  spectral  shift 
and  the  latter  by  the  covariance  method  (5- 
8).  This  method  provides  an  estimate  of  v 
without  the  need  to  estimate  the  entire 
spectrum  and  further  enables  parameter  esti¬ 
mates  to  be  obtained  from  short  records, 
which  in  rum  separates  whatever  spreading 
might  be  due  to  quasi-steady  shifts  in  fa  and 
the  intrinsic  value  of  v. 

Figure  1  shows  the  range  rate  A  as  deter¬ 
mined  from  fa  in  each  hourly  period.  The 
quasi-steadv  Doppler  shift  is  approximated 
in  each  period  by  a  linear  variation;  the 
assemblage  of  such  linear  segments  is  an 
approximation  to  a  continuous  curve  that 
we  believe  to  be  a  dose  rendition  of  the 
actual  motion.  Satellite  data  gave  only  six 
simultaneous  positions  of  the  two  ships; 
these  provide  a  stepped  approximation  to 
the  quasi-steady  continuous  motion  and, 
even  though  sparse,  ate  reasonably  consist¬ 
ent  with  the  continuous  Doppler  data. 


Fluctuations  around  the  quasi-steaP 
phase  shifts  are  given  in  Table  1  for  each  of 
several  carrier  frequencies  f.  These  d, 
vield 


v/f  =•  1.15  x  10'5  =:  241.  (3) 

with  the  spread  being  1  standard  deviaal 
(<r)  on  either  side  of  the  mean.  | 

Should  acceleration  have  been  dominant 
in  the  frequency  spread,  the  signal  ph^ 
would  have  been  2ir(/c  -  fa)t  -  iro 
where  a  is  the  Doppler  shift  rate  and 
time.  The  spectral  density  (Eq.  2)  would 
then  be  modified  by  convolution  with| 
rectangular  function  of  frequency  wid 
la! T,  where  T  is  the  sampling  window  (v 
used  a  value  of  200  sec).  We  compare  this 
width  with  the  half-power  width  of  Eq.  2  fl| 
test  the  assumption  that  such  acceleration 
induced  frequency  spreading  can  be  neglect¬ 
ed.  From  the  maximum  slope  in  Fig.  1 
obtain 
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where  c  is  the  sound  speed  (“1450 
sec-1).  From  Eqs.  2  and  3  the  measured 
half-power  width  is  2.35v  *3  x  10-5| 
which  is  substantially  larger  than  Eq. 
Thus  we  conclude  that  range-rate  accck 
cion  can  be  neglected.  Furthermore,  accel¬ 
erations  caused  by  drift  through  marginl 
ice  zone  (MIZ)  velocity  gradients  ai£ 
source  and  receiver  suspension  motions  rela¬ 
tive  to  the  ships  can  also  be  neglected.  Noq 
effects  can  also  be  ignored:  the  signal-i 
noise  ratio  was  high  ( >20  dB),  which  yield 
a  negligible  bias  in  v  (<10%).  Thus  the 
values  in  Table  1  can  be  ascribed  to  a  quazja 
static  process  with  fluctuations  around  til 
mean  Doppler  shift.  * 

Acoustic  fluctuations  in  the  temperate 
ocean  are  caused  by  internal  waves  for  fixcfl 
or  slowly  drifting  source-receiver  pairs  (2, 
and  by  differential  Doppler  shift  for  rapidly 
drifting  pairs  (10, 11).  It  is  therefore  i 
able  to  test  these  mechanisms  for  the  Mlj 
even  though  such  measurements  in  the  \ 
perate  ocean  rarely  encompass  the  dynamical 
complexity  of  the  MIZ.  Measurements 
the  fluctuations  due  to  internal  waves  < 
represented  (for  the  deep  temperate 
by  (2,  9,  11) 


v-2  x  10 -*R'% 


tents 
i  can  tfl 
oceaiff 

i 


I.  Dyer.  A  B.  Baggeroer,  P.  N.  Mikhatrwkv,  Depart 
ment  of  Ocean  Engineering,  Massachusetts  Institute 
Technotoev,  Cambridge,  MA  02139. 

P  H.  Dahl,  Joint  P 
mg.  Massachusetts  1 
MA  02139,  and  Woods  Hole  Oceanographic  Institu¬ 
tion,  Woods  Hole,  MA  02543 


■ngmetnng,  Massachusetts  institute 
i bridge.  MA  02139  ■ 

r  Program  in  Oceanographic  Engine^B 
b  Institute  of  Technology.  Cambnd^F 


'To  whom  correspondence  should  be  addressed. 
‘Present  address:  Science  Applications  Intcmati 
Corporation.  Falls  Church.  VA  22046 


REPORTS  4-2 


14  APRIL  1987 


Table  1.  Observed  fluctuations  over  a  100-km 
path  on  19  June  1984.  Svmbols:  /c,  earner  Ire- 
quenev;  v,  rms  phase  rate. 


A  (Hzi 

v  <mHz) 

25 

0.4 

65 

0.8 

105 

1.2 

125 

1.1 

165 

1.4 

200 

2.4 

with  range  R  in  meters.  To  scale  to  the  MIZ, 
we  take  the  accepted  model  (2 1  and  adjust 
Eq.  5  by  the  ratios  of  stability  profile  scale 
depth  (=5.2  x  10~:),  surface  stabilin'  fre¬ 
quency  (=2.3),  acoustic  axis  stabilin'  fre¬ 
quency  (  =  12),  inertial  frequency  (=2.0), 
and  sound  speed  change  induced  by  vertical 
internal  wave  displacement  (=0.2),  each  of 
which  appear  in  the  model  in  various  alge¬ 
braic  combinations.  In  choosing  these  ratios 
we  are  guided  bv  internal  wave  measure¬ 
ments  prcviouslv  made  in  the  same  location 
and  season  in  the  MIZ  (12,  13).  The  result 
(scaled  to  the  MIZ)  is 

v  =  2  x  lO-’R1  Vc  (6) 

which  for  R  =  100  km  becomes  v  = 
6  x  10'7%  This  prediction  falls  more  than 
one  order  of  magnitude  below  our  measure¬ 
ment  (Eq.  3),  and  thus  internal  wave  mo¬ 
tion  is  not  a  plausible  explanation  for  acous¬ 
tic  fluctuations  in  our  measurements,  al¬ 
though  it  is  remotely  possible  given  the 
uncertainties  inherent  in  scaling  from  non- 
concurrent  internal  wave  data. 

Phase  rate  fluctuations  can  be  caused  in  a 
quiescent  ocean  bv  source-receiver  motion 
through  differential  Doppler  shift  among 
the  various  acoustic  paths,  since  each  can  be 
related  to  a  differential  angle  with  respect  to 
the  horizontal.  Such  differential  Doppler 
fluctuations  are  observed  in  many  experi¬ 
ments  with  drifting  sensors  ( 10)  and,  when 
large  enough,  can  cause  fluctuations  that 
overwhelm  those  caused  by  ocean  dynamics. 
We  can  estimate  this  phase  rate  a s  (14) 

v'  =  a  kz  R  (Xclc)l2i r  (7) 

where  *  is  a  constant  dependent  on  the 
shape  of  the  sound  speed  profile  (estimated 
to  be  0.5  for  the  Arctic),  tc  is  the  carrier 
wave  number,  and  Ac/c  is  the  incremental 
sound  speed  relative  to  the  total  sound 
speed  defining  the  channel  carrying  the 
acoustic  waxes.  For  the  MIZ  we  estimate 
Sclc  to  be  about  10'2  and.  from  the  ob¬ 
served  range  rate  (s0.3  msec'1),  find  that 
v‘  is  less  than  approximately  10'%  This  is 
at  least  one  order  of  magnitude  less  than  our 
result;  thus  differential  Doppler  shift  is  also 
an  unlikely  mechanism  for  acoustic  fluctua¬ 
tion. 

If  not  internal  waves  or  differential  Dopp¬ 


ler  shift,  and  not  drift  accelerations  or  noise, 
then  what  is  the  cause?  We  have  no  answers, 
onlv  hypotheses  about  possible  ocean  dv- 
namical  mechanisms.  In  addition  to  internal 
waves,  the  MIZ  has  dynamical  structure 
associated  with  eddies,  fronts,  currents,  and 
meanders  1 1.  15 1;  we  hypothesize  that  one 
or  more  of  these  can  contribute  to  or  domi¬ 
nate  the  phase  rate.  A  crude  model  for 
fluctuations  caused  thereby  is 

v  =  M-e-'ic  RilL'2  (8) 

where  |x  is  the  rms  spatial  contrast  in  index 
of  refraction  associated  with  the  dynamical 
the  corresponding  structure,  0  is  characteris¬ 
tic  time,  and  L  the  characteristic  radius. 
Equation  8  is  obtained  from  the  phase  fluc¬ 
tuations  for  Fresnel  forward  scattering  (16), 
with  0  as  the  most  energetic  period  in  the 
interval  of  observation.  For  the  MIZ  we 
estimate  a  value  for  p.  of  4.9  x  10~\  and 
with  the  observed  value  for  v  we  find  that 
any  other  dynamical  mechanism  must  have 

2 I/02  =  44  km  day'2  (9) 

to  fit  the  crude  model. 

If  a  mesoscale  feature  oscillates  with  the 
inertial  period  0/  =  0.5  day,  then  its  scale  2 L 
from  Eq.  9  is  II  km,  which  is  about  chat 
observed  for  undericc  eddies  in  the  region  of 
the  acoustic  experiment  (1).  Our  observa¬ 
tion  period  (0.42  day)  is  too  short,  and  our 
model  too  crude,  to  conclude  with  confi¬ 
dence  that  eddy  oscillations  at  the  inertial 


During  June  and  July  1984,  in- 
vestigations  of  the  physical  proper¬ 
ties  of  sea  ice  were  conducted  from 
the  German  icebreaker  Polarsttm  as  part  of 
the  Marginal  Ice  Zone  Experiment  (MI- 
ZEX-84).  A  large  area  within  the  Fram 
Strait  was  traversed  by  Polarrtem  and  pro¬ 
vided  an  opportunity  to  obtain  core  samples 


period  are  indeed  the  most  significant  con¬ 
tributors.  Instead  we  hypothesize  that  ed¬ 
dies  or  other  mesoscale  motions  of  compara¬ 
ble  scale  are  important  in  determining 
acoustic  fluctuations  in  the  MIZ. 
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from  40  separate  floes  chat  had  likely  origi¬ 
nated  in  different  parts  of  the  Arctic  Basin. 
Fram  Strait  is  located  between  the  East 
Greenland  coast  and  Spitsbergen  and  is  the 
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Physical  Properties  of  Sea  Ice  Discharged  from 
Fram  Strait 


Anthony  J.  Gow  and  Walter  B.  Tucker  III 

It  is  estimated  that  84  percent  of  the  ice  exiting  the  Arctic  Basin  through  Fram  Strait 
during  June  and  July  1984  was  multiyear  ice  and  that  a  large  percentage  of  this  ice  is 
ridged  or  otherwise  deformed.  While  freeboard  and  thickness  data,  together  with 
salinity  measurements  on  cores,  usually  sufficed  to  distinguish  between  first  and 
multiyear  floes,  preliminary  identification  could  usually  be  made  on  the  basis  of  snow 
cover  measurements  with  snow  cover  being  much  thicker  on  multiyear  ice.  Cores  from 
the  top  half  meter  of  multiyear  floes  were  generally  very  much  harder  and  more 
transparent  than  cores  from  first-year  floes.  Age  estimates  of  multiyear  floes,  based  on 
petrographic  and  salinity  characteristics  of  cores,  did  not  exceed  4  to  5  years  for  any  of 
die  floes  that  were  observed  exiting  Fram  Strait. 
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Fig.  1  (toft)  Floe  sampling  sites  (filled  circles)  in  Fram  Strait.  Approximate 
positions  of  the  ice  edge  on  19  June  and  17  Julv  1984  are  also  indicated.  Fig. 
2  (right).  Salinity,  temperature,  and  structure  profiles  of  a  first-year  ice  floe  from 
Fram  Strait.  The  floe  consists  of  95%  congelation  ice.  Arrows  on  the  photographs 
of  horizontal  thin  sections  indicate  the  direction  of  the  current-controlled 
orientation  (preferred  c-axis)  of  sea  ice  crystals. 


major  outflow  region  of  ice  from  the  Arctic 
Basin.  The  volume  of  ice  outflow  is  highly 
variable,  both  seasonally  and  annually  ( 1 ). 
However,  estimates  generally  agree  on  an 
average  transport  of  about  0. 1  Sverdrup  (2). 
The  discharge  volume  of  ice  through  other 
passages  from  the  Arctic  Basin  (for  example, 
Bering  Strait  or  the  Canadian  Archipelago) 
is  considered  negligible  by  comparison  (2). 

The  locations  of  sampling  sites  are  shown 
in  Fig.  1.  Sampling  covered  a  geographical 
area  that  extended  from  78°20'N  to 
80°42’N  latitude  and  from  7°16'E  to 
7"10'W  longitude.  Individual  floes  were 
reached  cither  direedy  from  the  side  of 
Polarstem  or  by  helicopter.  Forty  individual 
floes  with  diameters  that  ranged  from  100  m 
to  several  kilometers  were  sampled,  occa¬ 
sionally  at  more  than  one  location  on  the 
same  floe.  Core  drilling  was  performed  at  54 
separate  sites.  A  total  of  243.18  m  of  core 
was  obtained,  all  but  5.01  m  of  which  was 
used  for  salinity  and  structural  analysis. 

Two  cores  were  taken  through  the  entire 
thickness  of  ice  at  each  site.  The  larger  of  the 
two  cores  measured  10  cm  in  diameter  and 
was  returned  to  the  ship  for  structural  analy¬ 
sis.  The  second  core,  which  measured  7.5 
cm  in  diameter,  was  used  for  ice  temperature 
and  salinity  measurements.  Salinity  samples 
were  prepared  from  10-cm-long  core  seg¬ 
ments  that  were  placed  in  sealed  containers 
and  then  returned  to  the  ship  where  they 
were  melted  for  salinity  analysis  (3). 

A  0.5-cm-thick  vertical  slice  of  ice  was  cut 
from  along  the  entire  length  of  each  struc¬ 
ture  core  10  cm  in  diameter  and  examined 
between  crossed  polaroids  to  evaluate  the 
crystalline  texture  and  structure  of  ice  in  the 
floe.  Horizontal  thin- section  samples  were 
then  selected  at  intervals  along  the  core  and 
sliced  to  a  thickness  of  0.2  to  0.5  mm  on  a 
microtome  to  examine  the  crystalline  struc¬ 
ture  in  greater  detail. 


A  schematic  depiction  of  crystalline  tex¬ 
ture,  in  vertical  section,  together  with  select¬ 
ed  horizontal  thin-section  structure  photo¬ 
graphs  and  temperature  and  salinity'  profiles, 
were  then  prepared  for  cores  from  each  floe. 
Representative  examples  from  a  first  and 
multiyear  ice  floe  are  shown  in  Figs.  2  and  3, 
respectively. 

Structurally,  75%  of  the  ice  we  examined 
consisted  of  columnar,  vertically  elongated 
crystals  that  were  formed  by  direct  freezing 
(congelation)  of  sea  water  to  the  underside 
of  the  ice  sheet.  Granular  ice,  mainly  frazil, 
thus  represented  only  about  25%  of  the 
total  ice  in  the  40  floes  we  examined,  and  in 
undeformed  floes  frazil  averaged  less  than 
15%  of  the  total  ice  thickness.  It  was  found 
in  small  amounts  in  the  surface  layers  of 
most  floes  (often  in  conjunction  with  snow 
ice)  and  in  larger  amounts  (up  to  71%)  in 
old  ridges  where  it  occurred  mainly  as  the 
material  that  filled  foe  voids  between  ice 
blocks.  However,  foe  frazil  content  of  Fram 
Strait  floes  is  very  much  less  than  those 
observed  in  floes  in  foe  Weddell  Sea,  Ant¬ 
arctica,  where  it  is  estimated  that  it  repre¬ 
sents  50  to  60%  of  foe  total  ice  in  foe 
Weddell  Sea  ice  pack  (4).  Such  a  contrast 
indicates  that  there  are  significant  differ¬ 
ences  in  oceanic  structure  and  circulation 
between  foe  Arctic  Basin  and  foe  Weddell 
Sea. 

A  standard  taxonomy  exists  for  foe  classi¬ 
fication  of  sea  ice  based  on  its  stage  of 
growth  (5).  The  definition  of  multiyear  ice 
according  to  (5)  requires  that  it  have  sur¬ 
vived  two  summers.  However,  foe  distinc¬ 
tion  between  multiyear  ice  and  second-year 
ice  is  subtle  and  here  we  make  only  foe 
larger  distinction  between  first-year  ice  and 
other  ice  that  has  survived  at  least  one 
summer,  or  multiyear  ice. 

Of  foe  40  individual  floes  sampled,  27 
were  identified  as  multiyear,  9  were  first 


year,  and  4  were  composite  floes  made  up  of 
a  combination  of  first-year  and  multivefl 
ice.  These  composite  floes  usually  consistqj 
of  undeformed  first-year  ice  attached  to 
multiyear  floes.  Because  we  sampled  firs^ 
year  ice  whenever  foe  opportunity  arose,  i 
percentage  of  first-year  ice  we  examined  wj 
biased  toward  higher  values  than  actually 
existed  in  foe  region.  However,  on  foe  basj| 
of  foe  number  fraction  of  multiyear  to  fir 
year  ice  floes  examined,  we  estimate  that  < 
fraction  of  multiyear  ice  would  exceed  75% 
in  most  areas  transited  by  foe  Polanttm.  \ 
a  volume  basis,  if  we  assume  that  multi vej_ 
floes  are  on  average  70%  thicker  than  first- 
year  floes,  multiyear  ice  would  constitu^ 
more  than  84%  of  foe  volume  of  ice 
charged  from  Fram  Strait  during  this 
od.  This  contrasts  significantly  with  earlier 
estimares,  such  as  those  based  on  visu 
observations  on  bird’s-evc  flights  (6)  whi<| 
indicated  that  multiyear  ice  represented  I 
than  40%  of  foe  spring-summer  transition 
(June  and  July)  ice  cover  in  foe  Greenland 
Sea.  There  arc  two  possibilities  for  foe  loB 
percentage  of  first-year  ice.  The  first  is  that 
first-vear  ice  docs  not  exist  in  large  quanti¬ 
ties  in  foe  source  regions  that  were  responsB 
ble  for  generating  foe  ice  that  transited  FraB 
Strait  during  MIZEX-84.  The  second  possi¬ 
bility  is  that  much  of  the  first-vear  ice 
deformed  and  crushed  before  it  enters 
Fram  Strait. 

Snow  depths  on  multiyear  ice  ranged 
from  3  to  65  cm  and  averaged  29  cm. 
first-year  ice  foe  snow  cover  was 
thinner  and  averaged  only  8  cm;  it 
exceeded  20  cm.  This  difference  in  foe 
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amount  of  accumulated  snow  proved  suchB 
reliable  criterion  of  ice  type  that  provision^ 
identification  of  first  and  multiyear  floes 
could  generally  be  made  on  this  basis.  Pr^ 
liminary  calculations  based  on  snow  ablatxfl 
modeling  showed  that  it  is  possible  for  tnH 
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thinner  first-year  ice  to  lose  much  of  its 
snow  by  sublimation.  Because  first-year  ice 
is  relatively  thin,  more  heat  is  conducted 
from  the  ocean  to  the  ice  surface  and  sensi¬ 
ble  and  latent  heat  losses  to  the  atmosphere 
are  correspondingly  larger  than  those  for 
thick  ice.  Modeling  results  for  snow-free  ice 
(7)  showed  that  3.0-m-thick  ice  had  negligi¬ 
ble  latent-heat  loss  from  November  through 
May  while  thinner  ice  had  substantial  heat 
loss.  Thus  the  transfer  of  oceanic  heat 
through  young  sea  ice  is  believed  capable  of 
sublimating  substantial  quantities  of  snow 
and  leads  to  much  thinner  snow  covers  on 
first-year  floes. 

First-year  ice  thicknesses  ranged  from  38 
cm  in  a  newly  refrozen  lead  to  a  maximum 
of  236  cm  in  a  floe  that  measured  several 
kilometers  in  diameter.  Multiyear  ice  thick¬ 
nesses  ranged  from  174  cm  to  536  cm  with 
the  thicker  of  these  coming  from  old  ridge 
fragments.  The  greatest  thickness  observed 
that  showed  no  evidence  of  previous  defor¬ 
mation  was  41 1  cm,  but  of  seven  floes  that 
exceeded  3.5  m  in  thickness,  six  were  of 
previously  deformed  ice.  Ten  of  the  31 
multiyear  cores  retrieved  were  identified  as 
having  been  drilled  in  ridged  ice.  Although 
we  never  purposely  drilled  into  ridged  ice, 
the  fact  that  one-third  of  our  multiyear  ice 
cores  contained  ridged  ice  indicated  that 
multiyear  floes  may  have  been  composed  of 


significant  amounts  of  deformed  ice  that  had 
no  intrinsic  surface  expression.  Indeed,  mul¬ 
tiyear  floes  may  survive  for  several  years 
because  they  are  composed  of  a  large  per¬ 
centage  of  stronger  and  thicker  multiyear 
ridges. 

The  salinity  profiles  usually  permitted 
identification  of  the  ice  as  either  first-year  or 
multiyear  ice,  especially  in  cases  where  the 
ice  thickness  may  have  indicated  otherwise. 
Multiyear  ice  salinity  averaged  2.1  per  mil, 
and  the  salinity  was  generally  very  low  (<1 
per  mil)  in  the  upper  layers  of  floes  because 
of  flushing  and  extensive  brine  drainage 
during  previous  summers.  We  found  the 
mean  salinity  of  first-year  ice  to  be  4.0  per 
mil  with  salinities  usually  greater  than  2  per 
mil  in  the  upper  layers.  As  the  melt  period 
progressed  from  mid-June  to  mid-July  the 
mean  salinity  of  the  first-year  ice  decreased 
about  1  per  mil  while- that  of  the  multiyear 
ice  increased  by  about  0.3  per  mil.  Figure  4 
shows  the  variation  of  mean  salinity  with  ice 
thickness  for  both  ice  types.  Both  show  a 
slight  salinity  increase  with  ice  thickness. 
The  least-squares  fit  for  multiyear  data  is  in 
excellent  agreement  with  that  found  for 
warm,  predominantly  Beaufort  Sea  ice  (8). 

Identification  of  multiyear  ice  on  the  basis 
of  freeboards  or  drilled  thickness  or  both 
was  not  always  reliable,  especially  in  the 
region  of  thickness  overlap  where  the  thin- 


3.  Salinity,  tempera¬ 
ture,  and  structure  profiles 
of  a  multiyear  ice  floe  com¬ 
posed  of  93%  congelation 
ice. 


Fig.  8.  (A)  Thin  section  of 
first-year  sea  ice  that  exhibit¬ 
ed  oriented  ice  plate  and 
brine  layer  substructure 
compared  to  that  of  tB) 
which  is  retextured,  brine- 
drained  ice  of  multiyear  floe. 
Note  that  despite  retexnir- 
mg  the  original  alignment  of 
crystals  was  retained. 


6  r 


i  a  s  a  s 
l>  <n>) 


Flfl.4.  Plots  of  bulk  salinity  versus  thickness  of 
first-year  and  multiyear  ice  floes  in  Fram  Strait. 
The  best  linear  regression  fit  for  the  upper  line  is 
Sj  =  3.75  +  0.22 h,  and  for  the  lower  line  is 
St  -  1.58  +  0.18  h,  where  S,  is  salinity  and  h  is  ice 
thickness.  Closed  circles  are  first-year  ice;  open 
circles  are  multiyear  ice;  the  triangle  is  first-year 
ridge  ice. 

nest  multiyear  ice  ( 1.7  to  1.8  m)  was  appre¬ 
ciably  thinner  than  the  thickest  first-year  ice 
(2.3  m  thick).  However,  even  if  snow  layer 
thickness  considerations  are  ignored,  posi¬ 
tive  identification  of  multiyear  ice  could 
usually  be  made  from  observations  of  the 
appearance  and  mechanical  condition  of  ice 
cores  in  the  top  meter  of  a  floe.  First-year  ice 
is  characteristically  opaque,  mainly  because 
of  the  light-scattering  effect  of  the  numerous 
brine  pockets  located  within  the  substruc¬ 
ture  of  the  sea  ice  crystals.  However,  our 
experience  in  Fram  Strait  was  that  the  top 
0.5  to  1.0  m  of  ice  in  multiyear  floes  is  (i) 
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much  less  opaque  and  often  semitransparent 
in  appearance,  and  (ii)  much  more  resistant 
to  drilling  and  sawing  than  first-year  ice. 
These  changes  are  attributed  to  the  exposure 
of  the  ice  to  elevated  temperature  and  solar 
radiation  during  the  previous  summer  or 
summers,  which  not  only  results  in  substan¬ 
tial  loss  of  brine,  as  borne  out  by  salinity 
measurements,  but  also  produces  significant 
changes  in  the  crystalline  texture  of  the  ice. 
These  changes  include  major  modification 
of  the  ice  plate  and  brine  lamella  substruc¬ 
ture  of  crystals,  sometimes  to  the  point  of 
virtually  complete  obliteration  of  brine 
pockets,  and  substantial  smoothing  out  of  the 
typically  angular,  interpenetrated  outlines  of 
the  crystals  themselves.  We  term  such  tex¬ 
tural  modification  as  retexturing.  An  exam¬ 
ple  of  such  structure  and  that  of  fresh, 
unmodified  congelation  ice  is  shown  in  Fig. 
5,  A  and  B.  This  rctexturing,  which  was 
observed  to  depths  of  a  meter  or  more,  is 
probably  equivalent  to  the  so-called  recrvs- 
tallization  inferred  from  microwave  mea¬ 
surements  (9)  to  have  occurred  in  the  upper 
levels  of  multiyear  ice  in  the  Beaufort  Sea. 

Rctexturing  of  sea  ice  occurs  simulta¬ 
neously  with  flushing  of  summer  surface 
melt  water,  which  is  the  principal  mecha¬ 
nism  by  which  brine  is  drained  downward 
from  the  floe  to  create  ice  with  multiyear 
salinity  characteristics.  Ultimately  the  ice  at 
the  top  of  the  floe,  which  is  retexrurcd, 
glacier-like,  and  brine-poor,  bears  little  re¬ 
semblance  to  the  original  sea  ice.  Such  mod¬ 
ification  should  result  in  significant  changes 
in  the  mechanical  and  electromagnetic  prop¬ 
erties  of  this  ice  and  in  its  response  to 
remote-sensing  signals. 

Although  drilling  the  top  meter  or  so  of 
floes  generally  sufficed  to  distinguish  be¬ 
tween  first-year  and  multiyear  ice  types, 
complete  drilling  of  a  multiyear  floe  is  need¬ 
ed  to  obtain  an  estimate  of  its  age.  Most 
floes  show  some  evidence  of  aligned  c-axis 
structure  related  to  the  growth  of  ice  under 
the  direct  influence  of  currents  at  the  grow¬ 
ing  ice  interface  (10).  Alignment  changes  in 
a  multiyear  floe  thus  constitute  a  record  of 
the  orientation  of  the  floe  with  res  pea  to 
the  direction  of  current  motion  directly  be¬ 
neath  the  ice.  We  assume  that  the  alignment 
directions  of  die  c-axes  occur  on  an  annually 
repeating  basis,  which  is  consistent  with 
wintertime  growth  under  conditions  of  an 
immobilized  or  tight  pack.  Such  changes  in 
alignment  direction  together  with  crystal 
size  and  shape  changes  and  surges  in  the 
salinity  profile  (which  often  coincide  with 
changes  of  crystal  alignment)  can  be  used  to 
estimate  the  ages  of  multiyear  floes.  Floes 
demonstrably  older  than  4  to  5  years  were 
not  observed.  Conversely,  the  absence  of 
aligned  c-axis  structure  can  be  correlated 


most  probably  with  growth  during  unen¬ 
cumbered  drift  or  rotation  of  the  ice  floe 
with  respect  to  the  direction  of  the  current 
direcdv  beneath  the  ice.  This  was  a  common 
condition  of  recendy  formed  or  actively 
growing  ice  on  the  bottom  of  floes  as  they 
exited  Fram  Strait. 
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Surface  expressions  of  eddies  within  the  ice  pack 
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During  the  summer  of  1984  a  Marginal  Ice  Zone  Experiment  (MIZEX)  was  carried 
out  in  the  Fram  Strait  off  the  Greenland  Sea.  This  is  an  area  of  extremely  active 
seasonal  ice  formation  and  melting  which  creates  a  complex  interaction  between  air, 
sea  and  ice.  These  air-sea-ice  interactions  have  an  important  influence  on  both  local 
and  hemispheric  weather  and  climate. 
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This  oblique  aerial  photograph  was  taken  from  the  cockpit  of  a  CV-580  during 
MIZEX  by  Dr.  Robert  A.  Shuchman  of  the  Environmental  Research  Institute  of 
Michigan  (ERIM).  The  photograph  was  taken  at  an  altitude  of  7  km.  Coincident 
synthetic  aperture  radar  (SAR)  data  were  collected  by  the  aircraft,  as  well  as  visual  and 
infrared  images  from  NOAA  satellites.  The  centre  of  the  eddy  was  located  at 
approximately  78C40'N  and  2  00' W  on  30  June  1984.  The  diameter  of  the  eddy  is 
30-40  km.  Remote  sensing  observations  coupled  with  in  situ  measurements  showed 
that  this  eddy  propagated  southwards  with  a  velocity  of  10-15  km  per  day.  Orbital 
velocity  was  of  the  order  of  50cm/s  (Johannessen  et  al.  1987). 

The  photographed  eddy  has  a  cyclonic  rotation,  however,  initial  results  of  the 
investigation  conducted  during  the  1987  Winter  MIZEX  suggest  that  eddies  consist  of 
a  jet  which  develops  into  a  vortex  pair,  one  cyclonic  and  one  anticyclonic.  During  this 
more  recent  experiment  vortex  pairs  were  documented  using  SAR,  CTD,  drifting 
ARGOS  buoys  and  current  meter  measurements.  During  MIZEX  1983  and  1984, 
observations  only  dealt  with  the  cyclonic  portion  due  to  quick  ice  melting  in  the 
anticyclonic  eddy.  Initial  analysis  of  1987  MIZEX  data  also  suggests  that  these  eddies 
are  topographically  generated. 

During  the  more  recent  MIZEX,  daily  SAR  data  was  downlinked  to  the  ships  in  the 
field.  This  read  out  in  real  time  proved  to  be  a  powerful  tool  to  aid  in  the  planning  and 
carrying  out  of  field  experiments.  Further  analysis  of  the  data  collected  should  yield 
new  insights  on  Arctic  eddy  structure  and  circulation. 
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USE  OF  SYNTHETIC  APERTURE  RADAR-DERIVED  KINEMATICS  IN  NAPPING  HESOSCALE  OCEAN  STRUCTURE 
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Aba  tract.  Synthetic  apartura  radar  (SAR) 
laagery  of  tha  marginal  ica  zona  ovar  tha  western 
aactor  of  tha  Yeraak  Plataau  dafinad  a  region  of 
anoaaloua  ica  notion  that  could  not  be  accounted 
for  by  aiapla  fraa-drift  aovaaant  of  tha  aaa  ica 
baaed  on  daily  averaged  winda  ovar  the  aaaa  tine 
period  froa  June  29  to  July  6,  1984.  Sea  ica 
trajectories  within  thia  anoaaloua  region  are, 
however,  conaiatant  with  oceanic  forcing  of  tha 
pack  lea  by  a  aaaoacale  eddy  that  had  recently 
formed  off  the  Polar  Front.  Although  tha  uaa  of 
auch  laagery  ha  a  already  bean  ahown  to  ba  a 
diagnoatlc  cool  in  tupping  ocean  _fea  turcs  at  tha 
ica  edge,  tha  obaervad  correlation  SO  to  70  ka 
behind  the  local  ice  edge  indicator  that  SAR 
laagery  haa  tha  potential  to  define  energetic 
aaaoacale  and  larger  oceanic  featurea  well  within 
ne  polar  pack  ice. 

Introduction 

Varloua  typea  of  imaging  ayatena,  both 
aircraft  and  aatellite  baaed,  have  been  uaed  over 
the  laat  15  yeara  to  define  apecific  character- 
latica  of  the  polar  aea  ice  cover.  Their  capac¬ 
ity  to  carry  out  auch  goala  la  largely  dependent 
on  the  wavelength  of  the  aanaor  uaed,  correapond- 
lng  apatlal  reaolution,  and  the  availability  of 
repeat  coverage  over  the  aaaa  geographical  area 
(NASA  Science  Working  Group  for  the  Special  Sen- 
aor  Microwave  Inager,  1984].  High-resolution 
(100  a  to  l  ka)  vlalble  and  Infrared  laagery  have 
already  been  uaed  extenalvely  within  the  aargloal 
lea  tone  (MIZ)  of  Praa  Strait.  Vlnje  (1977)  haa 
repeatedly  uaed  Land  eat  capebllitiea  to  track 
apecific  ice  floea  over  varying  periods  of  tiae 
in  order  to  define  aean  ice  motion,  and  it  waa 
through  these  studies  Chat  the  saalperaaneut  gyre 
around  the  Molloy  Deep  waa  firat  observed.  In 
addition,  Johanneaaen  et  al.  (1964,  this  laaue] 
have  uaed  advanced  very  high  resolution  radi¬ 
ometer  (AVHRR)  laagery  in  conjunction  with 
hydrographic  data  to  further  doeuaent  tha 
exlatence  of  this  feature.  Unfortunately,  any 
continuous  aoal taring  of  ice-ocean  interactions 
froa  visible  and  infrared  laagery  is  rare  because 
of  the  prevalent  cleud  and  fog  cover  typically 
found  within  the  MIZ  as  well  as  the  extended 
period  of  polar  darkness . 

Microwave  sensors,  on  the  other  hand,  can 
ioage  during  periods  of  darkness  and  through  no  at 
cloud  and  fog  conditions  and  therefore  are  well 
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suited  for  polar  research.  Satellite-based  pas¬ 
sive  aicrowave  aysteas,  such  aa  electronic  scan¬ 
ning  alcrowave  radloaeter  (ESMR)  and  scanning 
multichannel  alcrowave  radiometer  (SHHR),  have 
been  extreaely  valuable  to  observations  lists  and 
aodalera  of  air-aea-lce  interaction  relating  to 
polar-scale  studies  (Cavalierl  et  al.,  1984; 
Zwally  et  al.,  1983),  aa  well  aa  aore  regional 
work  (e.g.,  Svendaen  et  al.,  19831 .  These 
ays  teas  have  provided  information  on  ice  concen¬ 
tration,  aultiyear  aea  ice  fraction,  snow  cover, 
and  aurfaca  aeltlng  at  rasolutlons  froa  30  to 
ISO  ka,  depending  on  the  combination  of  frequency 
and  antenna  site  (Gloeraan  and  Barath,  1977  ). 
Because  of  the  large  footprint  (reaolution) 
involved,  auch  imagery  la  not  well  auited  for  the 
observation  of  open  ocean  aaaoacale  phenomena 
with  scales  ranging  froa  10  to  30  ka  and  la  even 
lass  well  auited  for  pattern  recognition  of 
discrete  ica  floe,  which  for  the  Interior  Arctic 
Ocean  would  be  of  .the  order  of  a  kiloaeter. 
Within  the  MIZ,  however,  a  auch  finer  spatial 
reaolution  of  the  order  of  a  hundred  aetara  would 
be  required,  and  it  is  within  thia  finer  reaolu¬ 
tion  band  that  synthetic  aperture  radar  (SAR)  is 
capable  of  operating. 

Synthetic  aperture  radar  la  an  active  micro¬ 
wave  system  that  haa,  like  the  passive  aysteas,  a 
day-night  all-weather  Imaging  capability.  For  an 
active  satellite-baaed  aenaor,  it  poaaeaaes  rela¬ 
tively  high  resolution  (23  a)  (Jordan,  1980) 
which  can  be  maintained  independent  of  altitude 
through  signal  phase  Information  (Jensen  et  al., 
1977).  The  potential  advantage  of  this  higher 
resolution  laagery  for  interpreting  changes  in 
areal  ice  concentration  and/or  ice  surface  condi¬ 
tions,  aa  well  as  for  the  monitoring  of  sea  ice 
notion,  has  bean  demonstrated  with  the  first 
aatellite  SAR  (Seasat)  (Caraey,  1985 ;  Hall  and 
Rotbrock,  1981;  Leberl  et  al.,  1983;  Curlander  et 
al.,  1983).  la  addition,  aircraft  SARs  have  been 
used  in  several  Arctic  field  experiments  to 
provide  regional  inforaatlon  on  ice  type  distri¬ 
bution  (Gray  et  al.,  1962),  ice  edge  featurea 
(Norwegian  Reaote  Sensing  Kxperiaeat  Croup, 
1983),  as  well  as  floe  alee,  ice  concentration, 
and  ice  notion  (Marginal  Ice  Zone  Experiment 
(HXZEX)  Creep,  1966;  Campbell  et  al.,  this  issue; 
■urns,  1987;  R.  A.  Shuchaan  et  al.,  unpublished 
aanuacrlpt,  1966). 

The  aircraft  SAR  laagery  considered  in  this 
note  was  obtained  during  the  1984  Fran  Strait 
Marginal  Ice  Zone  Experiaent  (HIZEX  '84)  on  June 
29  and  July  6  at  frequencies  of  1.2  and  9.4  GMs. 
The  3-a  resolution  of  this  laagery  waa  used  to 
identify  not  only  the  shape  of  ice  floes  but  also 
their  interior  features  which  in  turn  could  be 
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Pig.  1.  Schema  tic  diagram  of  the  general  surface 
ocean 'circulation  of  Pram  Strait.  The  bathymetry 
la  shown  In  the  figure  aa  la  the  average  Ice  edge 
for  the  period  of  SAR  observation.  The  boxed 
area  In  the  upper  left  corner  of  the  figure  rep* 
resents  the  coverage  of  SAR  and  oceanographic  in 
situ  measurements  and  defines  the  limits  of  Fig¬ 
ures  2  and  3. 


tracked  from  Image  to  Image.  Both  frequency 
bands  were  used  for  this  purpose.  Greater  pene¬ 
tration  of  wet  snow  cover  was  obtained  at  the 
lower  frequency  and  therefore  portrayed  wetness 
features  within  the  floe,  whereas  the  higher 
frequency  gave  a  better  ice-water  contrast  and 
floe  edge  determination. 

In  this  note,  Ice  floe  trajectories  derived 
from  the  SAR  Imagery  are  compared  with  oceano¬ 
graphic  data  In  order  to  examine  the  utlli:/  of 
SAR  as  an  aid  to  Interpretation  of  the  mesoscale 
oceanography  within  the  Interior  H12. 

Ceneral  Oceanographic  Circulation  Within 
Fram  Strait 

The  region  of  Pram  Strait  is  one  of  the  more 
dynamic  and  Important  areas  of  concern  in  the 
north  polar  region.  Here  the  nejor  transport  of 
heat,  salt,  and  mass  (ice  and  water)  takes  place 
between  the  Arctic  and  Atlantic  oceans  via  the 
Greenland  and  Norwegian  seas  [Aagaard  and  Grles- 
nan,  1973).  The  general  surface  circulation  In 
the  vicinity  of  the  HIZEX  '84  field  program  la 
schematically  superimposed  on  bathymetry  la 
Figure  1. 

Detailed  explanations  of  the  oceanic  circula¬ 
tion  patterns  existing  In  Fran  Strait  are  pre- 
rewted  by  Johanneasea  et  al.  (this  Issue); 
therefore  only  a  brief  discussion  Is  given 
here.  Warm  Atlantic  Water  Is  brought  into  Fran 
Strait  via  the  West  Spitsbergen  Current,  a  rela¬ 


tively  narrow  current  centered  at  a  depth  of 
roughly  150  m  with  temperatures  In  the  range  of 
3*  -  6*C  [Swift  and  Aagaard,  1984|.  A  large 

portion  of  the  West  Spitsbergen  Current  does  not 
enter  the  Arctic  Ocean  ptoper  Out  recirculates 
across  Pram  Strait  via  the  Return  Atlantic  Cur¬ 
rent  that  Is  made  up  of  several  broad,  westward 
flowing  filaments  between  75*  and  82*N  (Paquette 
at  al.,  1985 1 .  These  filaments  eventually  merge 
with  the  eastern  part  of  the  southward  flowing 
East  Greenland  Current  that  transports  cooler, 
less  saline  polar  waters  and  sea  Ice  from  the 
Arctic  Ocean.  Water  from  the  Return  Atlantic 
Current  la  typically  associated  with  the  East 
Greenland  Polar  Front  (EGPF)  and  lies  directly 
east  of  the  Polar  Water  and  often  beneath  the  Ice 
and  Polar  Water  [Paquette  et  al.,  1985).  The 
remaining  portion  of  the  Atlantic  Water  that  does 
enter  the  Arctic  Ocean  as  an  extension  of  the 
West  Spitsbergen  Current  appears  to  do  so  as  two 
separate  and  identifiable  filaments  that  skirt 
the  shallow  (approximately  1000  m)  Yermak 
Plateau,  which  is  located  north-northwest  of 
Svalbard  [Perkin  and  Lewis,  1984).  The  more 
southerly  of  these  two  branches  follows  the 
coastline  of  Spitsbergen  as  It  moves  north  and 
then  east,  while  the  other  closely  follows  the 
1500-n  Isobath  which  defines  the  western  and  then 
the  northern  limits  of  the  Yermak  Plateau.  It 
will  be  In  this  region  of  the  Yermak  Plateau  that 
data  will  be  presented. 

Data  Set  Description  and  Analysis 

During  HIZEX  ‘84,  detailed  Information  on  sub- 
ice  mesoscale  oceanography  was  obtained  within  a 
30,000-km2  sector  of  Fram  Strait  from  mid-June  to 
mid-July.  Although  a  large  variety  of  data- 
gathering  techniques  were  used  In  the  monitoring 
of  oceanographic  processes  [HIZEX  Croup,  1986 1 , 
only  those  operating  within  the  tlma  period  from 
June  27  and  July  6  and  within  a  specific  sector 
of  the  Yermak  Plateau's  western  flank  will  be 
discussed.  These  constraints  limited  data  to 
those  obtained  ffcom  neutrally  buoyant  free- 
drifting  sound  fixing  and  ranging  (SOPAR)  floats, 
he  1  lcop  te  r  -  ba  sad  conduc  tiv  1  ty-  temps  ra  ture-dep  th 
(CTO)  systems,  drifting  Argos  positioned  current 
swters,  and  the  aircraft-based  SAR  Imagery 
(Figure  1). 

Within  this  overlapping  temporal  and  spatial 
domain,  only  two  SAR  Images,  obtained  on  June  29 
and  July  6,  were  used  In  the  analysis.  Absolute 
positioning  of  the  Images  was  accomplished 
through  a  known  reference  surker,  In  this  speci¬ 
fic  case  the  H/V  Polar  queen,  which  was  also 
located  within  the  analysis  region.  Ice  kine¬ 
matic  (trajectory)  diagrams  were  later  obtained 
by  calculating  the  time-mean  displacement  of 
specific  ice  floes  ever  the  successive  SAR  Images 
ualng  unique  pattern  and/or  signature  recogni¬ 
tion.  Thla  methodology  was  consistent  with  that 
used  In  the  analysis  of  Seasat  data  |Hall  and 
Rothrock,  1981;  Leberl  et  al.,  1983;  Coriander  et 
al.,  1985)  and  for  the  first  time  compared  with 
independent  in  situ  measurements  during  HIZEX  ‘83 
(Shuchaan  et  al.,  1988). 

The  resulting  ice  kinematics  diagram  (Figure 
2a)  shows  a  very  high  spatial  variability  of  let 
motion  within  an  approximate  30  km  by  30  km 
region.  Three  regimes  of  lee  drift  were  defined 
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Fig.  2.  (a)  SAR-de rived  lea  kinematic*  for  the  7-day  interval  June  29  to  July  6  over 

the  western  alope  of  the  Yernak  Plateau.  The  ice  edge  for  June  29  and  July  6  la  alao 
preaented,  along  with  the  daily  averaged  wind  velocltlea  obtained  fron  the  H/V  Polar- 
due  an.  Wind  velocltlea  are  plotted  in  an  oceanographic  aenae  (i.e.,  arrow  point* 
downwind).  The  trajectory  for  the  neutrally  buoyant  SOFAR  float  (100-n  depth)  la 
indicated  by  the  dotted  line  in  both  figure*  for  eonparison  with  Figure  3.  Dot*  on 
SOFAR  track  are  every  other  day  poaitiona  alerting  with  June  21.  (b)  Reaidual  ice 

notion  derived  by  aubtracting  an  e* tin* tad  naan  velocity  of  the  ice  (6.3  cn/a)  baaed 
on  wind*  fron  H/V  Poiarqueen  and  a  frce-ica-drif t  aaaunption  over  the  7  day*  of  obaer- 
vatlon. 


during  thia  7-day  period:  (1)  the  outeraoat  20 
to  30  kn,  which  noved  uniformly  aouthweat  along 
the  ice  edge,  with  an  average  apeed  greater  than 
10  cn/a;  (2)  the  region  weat  of  2*K  and  at 
dlatancea  greater  than  *0  kn  fron  the  ice  edge, 
which  dlaplayed  a  naan  aeuthward  drift  of  3  to 
10  cn/a,  and  (3)  an  area  of  very  alow  drift, 
north  of  regime  1  and  eaat  of  reglno  2,  which 
t bowed  naan  velocltlea  around  2-3  cn/a.  Since  it 
can  be  con* id* red  that  atnoapheric  forcing  of  the 
ice  and  ocean  ia  uniforn  over  thia  relatively 
anall  region,  the  resulting  tine-averaged  neao- 
acale  apatial  variability  obaerved  in  the  ice 
covenant  nuat  be  due,  la  large  pert,  to  effecta 
of  oceanic  circulation. 

In  order  to  define  the  effecta  of  oceanic 
forcing  on  the  aea  ice  nore  realistically ,  dally 
averaged  wlnda  obtained  fron  the  free-drifting 
abip  H/V  Poiarqueen  were  uaed  to  eatinate  the  net 
dlaplecaaent  of  the  aea  ice  fron  June  29  to  July 
6  ualag  a  ainple  atnoapherlcally  forced,  free- 
drift  aaaunption.  Thia  aaaunption  deflaod 
iaatantaneoua  ice  movement  to  be  directed  30*  to 
the  right  of  the  wind  with  a  apeed  equal  to  3X  of 
the  wind.  Integrating  thia  eatinate  over  the 
tine  period  to  the  next  aucceaaive  wind  observa¬ 
tion,  typically  26  hour*,  but  leaa  for  the  begin¬ 
ning  and  ending  in  order  to  natch  the  tines  of 
the  SAR  imagery,  yields  the  net  dally  drift. 


Vectorially  auanlng  each  dally  displacement  fron 
June  29  to  July  6  then  yielded  the  estimated  net 
displacement  of  aea  ice  to  be  39.2  kn  along  a 
bearing  of  191*  for  an  average  speed  of  3.6  kn/d 
(6.3  cn/s)  over  the  7  days.  The  net  contribution 
of  oceanic  fo-tlng,  to  a  first-order  approxina- 
tlon  when  neglecting  the  effects  of  internal  ice 
stress,  can  be  seen  in  the  residual  velocity 
vector*  obtained  fron  the  renova  1  of  the  net 
free-drlft  notion  fron  that  of  the  observed 
field.  These  residuals  which  are  depicted  in 
Figure  2b  atlll  show  a  component  of  water  nove- 
aent  parallel  to  the  local  ice  edge  in  regia* 
1.  This  general  southwestward  movement  is 
typically  expected  within  the  region  of  the  ice 
edge  based  on  peat  historical  data  in  the  Fran 
Strait  and  is  associated  with  the  flow  of  ice  and 
Polar  Water  exiting  fron  the  Arctic  Ocean  in 
conjunction  with  the  Polar  Front.  In  contrast  to 
this,  there  is  a  strong  tendency  of  cyclonic 
rotation  in  the  ice  field  centered  around  2*E  and 
$0.73*N  ia  rsgines  2  and  3.  Unfortunately,  SAR 
imagery  did  not  extend  farther  into  the  Interior 
of  the  pack  ice  and  therefor*  could  not 
completely  define  a  complete  cyclonic  field  of 
ice  noveaent. 

Further  information  on  the  nesoscale  and 
larger  oceanographic  circulation  within  this 
specific  region  was  obtained  fron  helicopter-* 
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Fl«.  3.  Contours  of  the  surface  dynaalc  topog¬ 
raphy  superiaposed  en  detailed  bathymetry.  Depth 
Is  given  In  thousanas  of  aeters.  Arrows  on  dy¬ 
naalc  topography  contours  define  direction  of 
surface  water  aoveaent  relative  to  a  level  of  no 
notion  at  200  a.  The  frontal  aeandar  Is  located 
at  approxlaa tely  80.7*N  and  1*C.  Trajectory  of 
neutrally  buoyant  SOFAR  float  (100  a)  la  Indi¬ 
cated  by  the  dotted  line. 


based  CTOs.  These  data  were  used  to  construct 
surface  dynaalc  topography  maps  (0/200)  defining 
the  atreaallnes  of  surface  water  velocity  result¬ 
ing  froa  density  variations  within  the  ocean. 
Several  subsurface  aeaoscale  eddies  and  ice  edge 
features  were  docusiented  using  this  technique 
f Manley  et  al.(  1987;  this  lssue|.  One  of  the 
aost  notable  aeaoscale  features  was  a  nearly- 
occluded  aeander  of  the  EGPF  centered  at  about 
80.7*N,  l*E.  It  Is  shown  In  Figure  3  superia¬ 
posed  on  aore  detailed  bathymetry  of  the  region. 
The  aeander  was  napped  froa  June  27  to  June  30, 
during  which  tine  It  posaessed  a  dlaaeter  of 
roughly  30  ka,  a  typical  vertical  extent  of  200 
a,  and  aaxlaua  dynamically  calculated  tangential 
speeds  of  30  ca/s  near  the  base  of  the  Ice. 
Approximately  six  days  later,  two  SOFAR  floats  at 
depths  of  100  and  200  a  ware  caught  In  the 
aeander  field  (which  had  evidently  aoved  slightly 
to  the  northeast  by  this  tiae)  and  aoved  in 
cyclonic  patterns  at  varying  distances  froa  Its 
center  (Hanley  et  al.,  1987).  The  float  trajec¬ 
tories  also  defined  closed  loops  which  Indicated 
that  the  aeander  had  evolved  into  an  Isolated 
cyclonic  aeaoscale  eddy  by  July  8.  One  of  the 
float  trajectories  at  100  a  Is  shown  In  Figure  3 
In  relation  to  the  surface  dynaalc  topography  as 
well  as  in  Figures  2a  and  2b  for  coapatiaen. 

Furtheraore,  analysis  of  current  aeters 
suspended  beneath  two  Argos  buoys  (3094  and  3093) 
deployed  by  the  University  of  lergen  on  Ice 
floes,  as  well  as  free-drifting  Cyclesonde  aea- 
tureaents  obtained  by  the  University  of  Miaal, 
conflraed  various  parts  of  the  cyclonic  nature  of 
the  aeander-eddy  flow  field  (Hanley  et  al.,  1987, 
Sandven  et  al.,  1983;  Johaanessen  at  al.,  this 


Issue).  The  trajectories  of  the  lce-aoored  buoys 
did  not  coaplete  closed-loop  drift  patterns  as 
did  the  SOFAR  floats,  since  they  were  evidently 
forced  out  of  the  aeander-eddy  field  by  northerly 
winds  that  picked  up  early  on  July  6. 

When  viewed  as  an  enseable,  hydrographic 
information,  SOFAR  float  trajectories,  and  the 
aoveaent  of  lce-aoored  buoys  reveal  the  location 
and  dlaensions  of  a  cyclonic  aeaoscale  eddy  that 
was  found  soae  50  to  70  ka  interior  to  the  local 
ice  edge.  The  circulation  pattern  on  its  eastern 
half  is  consistent  with  residual  ice  notion  (Fig¬ 
ure  2b),  which  estimates  the  oceanic  contribution 
to  ice  aoveaent,  as  well  as  the  observed  field 
(Figure  2a),  which  daflnea  the  total  contribution 
of  addy- Induced,  ataoapherlc,  and  Internal  ice 
*!*«••«•.  The  degree  of  eddy-induced  alteration 
of  *e*  notion  would  be  strongly  dependent  on  the 
wind  velocity,  the  strength  of  the  frictional 
* .•uyliua  holWAun  the  base  of  the  Ire  and  the 
I'rr.nitc  lestute,  an  well  a*  the  tine  period  over 
which  these  processes  act.  Hanley  and  Hunklns 
(1983)  have  obaerved  many  such  aasoscale  eddies 
within  the  Reaufort  Sea  of  the  western  Arctic 
Ocean  that  had  subsurface  aslauthal  velocities  as 
high  as  30  ea/s,  however,  they  were  effectively 
decoupled  froa  the  surface  by  splndown  processes 
and  therefore  would  not  affect  or  modify  the 
aoveaent  of  the  Ice  cover. 

It  nay  also  be  reasoneble  to  expect  that  the 
eddy  defined  In  this  text. would  be  subject  to  the 
sane  frictional  splndown  processes  against  the 
base  of  the  Ice  as  was  suggested  by  Hanley  and 
Hunklns  (1983)  and  analytically  aodeled  by  Ou  and 
Cordon  (1986).  In  their  aodel,  Ou  and  Cordon 
calculated  splndown  tines  of  an  isolated  eddy 
possessing  a  surface  velocity  aaxlaua  to  be  on 
the  order  of  daya  to  weeks  after  a  rigid  lid  of 
Ice  was  placed  at  the  aurface.  In  the  case  of  a 
aeander,  though,  It  is  probable  that  splndown 
would  not  be  coaplete  since  It  would  continue  to 
obtain  Its  kinetic  energy  froa  the  larger  baro- 
clinic  field  of  the  Polar  Front.  Once  broken 
away  froa  the  Polar  Front,  however,  the  eddy 
would  begin  to  spin  down  against  the  Ice.  This 
would  taply  that  only  larger  features  possessing 
an  "Infinite"  source  of  energy  (e.g.,  the  Polar 
Front)  or  newly  created  features  having  appre¬ 
ciable  surface  velocities  would  be  capable  of 
modifying  the  aoveaent  of  the  surface  Ice  cover 
and  hence  be  capable  of  observation  via  satellite 
laagery. 

Summary 

High-resolution  SAR  iaages  taken  ovei  the  sane 
geographic  area  of  Fraa  Strait  were  used  to 
provide  a  tlae-aean  Ice  klneaetlc  diagraa  for  the 
period  June  29  to  July  6,  1984.  The  net  free- 
drlft  motion  of  the  lee  was  calculated  froa  dally 
averaged  wind  data  over  the  saae  tlae  period  and 
then  removed  froa  the  observed  aotion  to  provide 
an  estimate  of  the  oceanographically  Induced  Ice 
aoveaent  (residual  field).  Ice  trajectories 
observed  In  the  kineaatlc  diagraa  defined  a 
region  of  anoaalous  aasoscale  activity  soae  30  to 
70  ka  Interior  to  the  local  Ice  edge,  while 
residual  lee  motion  revealad  the  cyclonic  ten¬ 
dency  of  the  flow  field  as  well  as  the  expected 
southwest  aoveaent  of  Polar  Water  and  Ice  associ¬ 
ated  with  the  Polar  Front.  This  Information 
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agreed  well  with  a  variety  of  hydrographic  data 
that  detailed  the  existence  of  an  energetic 
cyclonic  aetoscale  eddy  that  had  recently  pinched 
off  of  the  Polar  Front.  The  ability  to  observe 
the  position  and  relative  size  of  such  an  oceanic 
feature,  well  Interior  to  the  local  lea  edge, 
from  SAR-derived  Ice  kinemacic*  represents  a 
significant  Improvement  over  current  remote 
sensing  observations. 

Both  the  temporal  and  the  spatial  resolution 
required  to  observe  such  complex  aesoscele  motion 
of  sea  ice  are  very  critical.  Even  though  floe 
sizes  are  typically  much  larger  (kilometers) 
within  the  deep  Interior  of  the  pack  Ice,  obser¬ 
vations  must  also  be  capable  of  defining  floe 
sizes  of  the  order  of  hundreds  of  meters  which 
are  found  within  the  HIZ.  Temporally,  measure¬ 
ments  not  only  must  be  made  over  very  short  time 
periods  of  a  few  days  but  must  also  be  made 
consistently  over  weeks  and  months  in  order  to 
accurately  capture  small  deviations  of  movement 
relative  to  the  mean  field  of  motion.  Neither  of 
these  requirements  has  been  routinely  met  by 
relatively  high-resolution  remote  sensing  plat¬ 
forms  that  are  affected  by  cloud  cover  or  aunlesa 
conditions.  Forthcoming  SAR  polar  orbiting 
satellites,  such  as  the  European  Spaca  Agency's 
European  Remote  Sensing  Satellite  (ERS  1), 
however,  will  be  able  to  provide  this  type  of 
coverage  of  the  polar  oceans  and  marginal  lea 
zones,  and  we  hope  that  this  future  data  sat  will 
allow  us  to  achieve  a  batter  understanding  of  the 
complex  mesoscale  interactiona  of  the  air.  Ice, 
and  ocean  existing  at  the  Ice  edge  and  wall 
within  the  Interior  of  the  pack  lea. 
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ABSTRACT 

Synoptic  characterization  of  polynyas 
or  open  water  leads  in  the  polar  pack  is 
important  for  several  reasons.  Leads 
play  an  important  role  in  the  energy 
balance  of  the  Arctic.  The  size, 
orientation,  and  concentration  of  leads 
also  determine  the  navigability  of  an 
area.  In  addition,  sequential  monitoring 
of  leads  provides  an  estimate  of  ice 
dynamics.  Synthetic  aperture  radar  (SAR) 
with  its  synoptic,  all  wr it her  day  or 
sight  imaging  capabilities  offers  great 
potential  in  providing  this  information. 
The  purpose  of  our  study  was  to  develop  a 
technique  to  extract  information  on  lead 
characteristics  from  digital  SAR  data  of 
sea  ice. 

The  lead  parameters  of  most  interest 
«re  concentration,  average  length  and 
vidth,  orientation,  and  spatial 
separation.  This  information  is 
contained  in  the  autocorrelation  function 
of  a  binary  image  representing  leads  and 
ice  only.  The  procedures  we  followed  in 
generating  and  analyzing  this 
autocorrelation  function  are  described 
below. 

The  data  we  used  in  our  study  were 
collected  in  the  Beaufort  Sea  by  the 
digital  X-band  (3.2  cm  wavelength)  STAR-1 
SA*  system  in  the  fall  of  1984.  The 
STAR-1  system  collected  data  over  a  25  km 
wide  swath  with  a  resolution  of  S  a  in 
both  azimuth  and  slant  range.  A  S  x  6  km 
issge  subset  was  selected  for  our 
mslysis.  and  consisted  primarily  of 
socond-year  floes  with  several  open  water 
toads.  The  open  water  leads  are  imaged 
h  dark  or  no  return  areas .  This  image 
•as  smoothed  using  a  median  filter  to 
raduce  speckle-related  noise  and  an 


appropriate  threshold  was  selected  to 
produce  a  binary  image  consisting  of  open 
water  (l's)  and  ice  (0’s).  The 
autocorrelation  function  of  this  binary 
image  was  generated  using  Fourier 
transforms,  and  its  contour  plot  was 
generated  and  interpreted  for  the  lead 
parameters  of  interest. 

The  average  size  of  the  leads  was 
estimated  from  the  contour  plot  by  noting 
the  position  where  the  fall-off  of  the 
autocorrelation  tapers .  The 
autocorrelation  function  was  normalized 
by  the  number  of  pixels  therefore  the  o 
pixel  lag  or  peak  of  the  autocorrelation 
function  corresponds  to  the  concentration 
of  open  water  in  the  image.  The  number 
of  leads  is  obtained  by  dividing  the 
total  number  of  open  water  pixels  by  the 
average  lead  size.  The  average 
orientation  of  the  leads  is  interpreted 
to  be  the  same  as  the  orientation  of  the 
major  axis  of  the  autocorrelation 
function.  Limited  information  is 
available  on  the  relative  location  of  the 
leads  from  the  location  of  the  second- 
order  peaks  of  the  autocorrelation 
function. 

The  results  from  applying  this 
technique  to  the  STAR-1  ice  image  are 
encouraging.  The  lead  information 
extracted  from  the  autocorrelation 
function  agrees  well  with  actual 
measurements  of  the  lead  characteristics 
in  the  original  imagery.  One  realization 
of  the  lead  locations  was  generated  from 
the  autocorrelation-derived  measures  and 
agreed  well  with  the  original  imagery. 
These  results  indicate  that  the  lead 
characteristics  of  a  scene  can  be 
adequately  characterized  by  a  limited  set 
of  parameters. 
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Over  the  past  several  years  research 
on  SAR  sea  ice  imagery  has  focused  on 
determing  whether  information  on  ice 
field  parameters,  including  ice  type,  ice 
concentration,  density  and  sizes  of 
leads,  and  floe  size  distribution,  could 
be  obtained  from  the  SAR  data.  This 
research  has  shown  promising  results  and 
produced  an  extensive  SAR  signature  data 
base  as  well  as  rudimentary  algorithms 
for  obtaining  these  parameters.  With  the 
advent  of  operational  SAR  satellite 
systems,  it  becomes  even  more  important 
to  develop  this  capability  to  monitor  ice 
conditions  in  the  Arctic  in  support  of 
navigation,  exploitation,  and  clima¬ 
tology.  Therefore  the  focus  of  the  SAR 
research  has  now  shifted  to  the  develop¬ 
ment  of  efficient  automatic  and  almost 
real-time  algorithms.  In  this  paper  we 
present  an  overview  of  the  progress  made 
in  the  development  of  these  algorithms. 

The  approaches  taken  to  construct 
algorithms  for  deriving  the  various  sea 
ice  parameters  are  summarized  in  Table  1. 
The  two  key  elements  in  these  approaches 
are  image  segmentation  and  statistical 
analysis  in  either  the  image  or  Fourier 
domain.  For  example,  an  algorithm 
developed  to  derive  lead  statistics 
segments  the  image  based  on  the 
difference  in  intensity  between  ice  and 
open  water,  and  then  uses  characteristics 
of  the  autocorrelation  of  the  segmented 
image  to  obtain  lead  dimensions,  spacing 
and  density  [1].  As  indicated  in  Table 
1,  algorithms  for  ice  type,  ice 
concentration,  and  lead  statistics  are 
using  primarily  fully  digital  approaches, 
whereas  ice  kinematics  and  floe  size 
distribution  algorithms  at  present  still 
roly  heavily  on  a  combination  of  manual 
Interpretation,  to  arrive  at  the 
segmented  image,  and  computer  analysis  of 
the  manually  derived  image  data.  Fully 
digital  approaches  for  these  two  sea  ice 
oarameters  are  being  pursued  in  parallel. 
Algorithms  have  yet  to  be  developed  for 
determination  of  ridge  statistics  or  ice 
thickness  from  SAR  data.  Of  the  possible 
approaches  listed  in  Table  1,  many  would 


make  use  of  the  phase  as  well  as  the 
intensity  information  contained  in  the 
SAR  signal,  allowing,  for  example,  ice 
floe  motion  to  be  derived  on  the  basis  of 
the  Doppler  shift  imparted  to  the 
returned  signal. 

The  progress  made  to  date  on 
development  of  digital  SAR  sea  ice 
algorithms  is  summarized  in  Table  2. 

Here  we  consider  four  stages  in  algorithm 
development:  1).  understanding  of  the 
physical  basis  for  deriving  the  sea  ice 
parameter;  2)  translation  of  that 
understanding  into  a  mathematical  model; 
3)  implementation  of  the  mathematical 
model  into  a  computer  algorithm;  and  4) 
validation  of  the  algorithm. 

The  physical  basis  for  deriving  most 
of  the  sea  ice  parameters  from  SAR  data 
is  the  large  contrast  between  radar  cross 
sections  of  ice  and  open  water  [2,3]. 

This  characteristic  alone  is  a  sufficient 
basis  for  lead  and  floe  size  distribution 
and  total  ice  concentration  algorithms  in 
most  imaging  situations  (1,4,5].  For  ice 
type  discrimination  and  fractional 
concentration  algorithms,  additional 
information  is  required.  Local  image 
texture  and  the  statistics  of  SAR 
intensity,  which  have  been  shown  to  be 
useful  in  discriminating  floes  of 
different  ice  types  and  degrees  of 
deformation  (5,7),  have  been  exploited 
for  these  algorithms.  Both  ice/wster 
contrast  and  texture  within  floes  are 
used  as  the  basis  for  ice  kinematics 
algorithms  involving  manual 
interpretation  (4],  but  to  date  the 
digital  algorithms  make  use  of  the 
textural  characteristics  of  the  entire 
scene  such  as  linear  features  and 
persistent  patterns  (8,9].  In  the  case 
of  deriving  ridge  statistics,  we  do  not 
as  yet  completely  understand  the  physical 
mechanism  for  SAR  imaging  of  ridges 
making  it  difficult  to  generalize  ridge 
signatures  in  a  way  that  could  be 
quantified.  Ice  thickness  is  the  extreme 
case  where  it  is  not  known  if  SAR  can 
provide  this  information. 
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A  major  step  in  algorithm  development 
is  the  transition  from  the  physical  basis 
to  a  mathematical  model  and  its 
implementation  in  a  digital  algorithm. 

At  this  step  it  is  to  some  extent 
necessary  to  quantify  the  methodology  of 
a  human  interpreter  in  such  a  way  that 
the  method  can  be  implemented  within  a 
computer  architecture.  For  ice/water  and 
ice  type  discrimination,  the  mathematical 
model  consists  of  a  hierarchy  of 
intensity  and  texture  measures  associated 
with  the  various  scene  components.  These 
descriptive  measures  are  generated  from 
the  SAR  and  scatterometer  signature  data 
bases  and  account  for  both  natural 
variations  in  ice  surface  conditions  and 
speckle-related  variations.  An  algorithm 
is  then  implemented  that  compares  local 
image  statistics  to  these  measures.  At 
this  stage  segmented  images  can  be 
obtained  (i.e.  ice  type  or  ice 
concentration  maps)  [10,11].  Subsequent 
processing  is  needed  for  floe  size  and 
lead  statistics.  Fourier  transform 
techniques,  specifically  the 
characteristics  of  the  autocorrelation 
function,  have  been  found  useful  for 
obtaining  lead  orientation  and  density 
information,  but  less  useful  for  floe 
size.  For  floe  size  determination,  a 


mathematical  model  must  still  be 
determined  that  will  quantify  boundary 
information  efficiently.  Pattern  recog¬ 
nition  type  techniques  are  being 
investigated  for  this  purpose  and  for  ice 
kinematics  algorithms  since  shape  and 
context  information  are  so  important  in 
manual  interpretation  of  SAR  imagery. 
These  manipulations  may  be  facilitated  by 
the  use  of  parallel-processor  computer 
frameworks  such  as  that  of  the  ERIH  cyto- 
computer  [12]. 

Algorithm  validation,  i.e.  comparison 
with  independent  measures  of  the  sea  ice 
parameter  of  interest,  has  been  carried 
out  for  the  ice  type,  ice  concentration, 
and  lead  distribution  algorithms  only. 
The  ice  type  and  lead  distribution 
algorithms  have  been  exercised  on  single 
SAR  scenes  for  which  ice  surface 
observations  were  available.  The  ice 
concentration  has  been  the  most 
extensively  validated  by  comparing 
concentration  estimates  to  those  derived 
from  near-simultaneous  passive  microwave 
data  and  aerial  photography  [13],  but 
under  summer  MIZ  conditions  only.  Lack 
of  SAR  imagery  with  sufficient  spatial 
and  seasonal  coverage  is  at  present  a 
limiting  factor  in  validation  efforts. 
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Table  1 

Sea  Ice 
Parameter 

Ice  Type 

Ice  Concentration 

Lead  Distribution 
Ice  Kinematics 

Floe  Size 
Distribution 

Ridge  Statistics 
Ice  Thickness 


Current 

Algorithm  Approaches 

Image  Segmentation 
-pixel  intensity 
-neighborhood  texture 

Image  Segmentation 

Statistical  Analysis 

Fourier  Analysis 

Image  Segmentation 
+  Autocorrelation 

Manual  Interpretation 
+  Computer-generated 
vector  fields 

Pattern  Recognition 
*  Autocorrelation 

Manual  Analysis 

+  Computer-generated 
satieties 


Possible 

Algorithm  Approaches 

Multivariate 
Complex  Data 


Combination  with 

Passive  Data 


Complex  Data 


Single  and  Multiple 
Frame  Doppler 
Analysis 


Pattern  Recognition 


Edge  Detection 


M33 


Table  2.  Progress  on  Digital  SAR  Sea  Ice  Algorithms 


Sea  Ice 
Parameter 

Physical  Basis 
Understood 

Mathematical 

Model 

Algorithm 

Implemented 

Algorithm 

Validated 

Ice  Type 

yes 

yes 

yes 

limited 

Ice  Concentration 

yes 

yes 

yes 

summer  only 

Lead  Distribution 

yes 

yes 

yes 

limited 

Ice  Kinematics 

yes 

under 

development 

under 

development 

no 

Floe  Size 
Distribution 

yes 

no 

no 

no 

Ridge  Statistics 

no 

no 

no 

no 

Ice  Thickness 

no 

no 

no 

no 
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Variations  of  Mesoscale  and  Large-Scale  Sea  Ice  Morphology  in  the  1984 
Marginal  Ice  Zone  Experiment  as  Observed  by  Microwave  Remote  Sensing 

W.  J.  Campbell.1  P.  Gloersen,2  E.  G.  Josberger.1  O.  M.  Johannessen,3  P.  S.  Guest,4  N.  Mognard.5 
R.  Shuchman,6  B.  A.  Burns,6  N.  Lannelongue,5  and  K.  L.  Davidson4 

During  the  summer  1984  Marginal  Ice  Zone  Experiment  in  the  Fram  Strait  and  Greenland  Sea 
(MIZEX  '841.  passive  and  active  microwave  sensors  on  five  aircraft  and  the  Nimbus  7  scanning  multi¬ 
channel  microwave  radiometer  (SMMR)  acquired  synoptic  sequential  observations  which  when  com¬ 
bined  give  a  comprehensive  sequential  description  of  the  mesoscale  and  large-scale  ice  morphology 
variations  during  the  period  June  9  through  July  16,  1984.  The  high-resolution  ice  concentration  distri¬ 
butions  in  these  images  agree  well  with  the  low-resolution  SMMR  distributions.  For  diffuse  ice  edges  the 
30%  SMMR  ice  concentration  isopleth  corresponds  to  the  ice  edge,  white  for  compact  conditions  the  ice 
edge  falls  within  the  40  to  50%  SMMR  isopieths.  Throughout  the  experiment,  ice  edge  meanders  and 
eddies  repeatedly  formed,  moved,  and  disappeared,  but  the  ice  edge  remained  within  a  100-km-wide 
zone.  The  ice  pack  behind  this  alternately  diffuse  and  compact  edge  underwent  rapid  and  pronounced 
variations  in  ice  concentration  over  a  200-km-wide  zone.  The  aircraft  microwave  images  show  the 
complex  structures  and  ephemeral  nature  of  the  mesoscale  sea  ice  morphology.  The  difference  in  oceano¬ 
graphic  forcing  between  the  eastern  and  western  sectors  of  the  experiment  area  generated  pronounced  ice 
morphology  differences.  On  the  Yermak  Plateau,  from  3°E  to  I0°E,  the  weak  ocean  circulation  allowed 
the  wind  to  be  the  dominant  force  in  determining  the  ice  morphology.  To  the  southwest  of  this  region, 
over  the  Molloy  Deep  and  the  Greenland  continental  shelf  break,  from  3°E  to  8°W.  the  ice  morphology 
was  dominated  by  the  energetic  East  Greenland  Current  with  its  associated  eddies  and  meanders. 


1.  Introduction 

The  Marginal  Ice  Zone  Experiment  (MIZEX)  field  pro¬ 
grams  in  the  East  Greenland  Sea  (MIZEX  East)  and  Bering 
Sea  (MIZEX  West)  studied  the  air-sea  ice-ocean  interactions 
occurring  in  these  regions  that  strongly  influence  local  and 
hemispheric  weather  and  climate  [Johannessen  et  a/.,  1983].  A 
key  aspect  of  these  MIZ  studies  has  been  the  use  of  satellite 
and  aircraft  remote  sensing  to  observe  the  morphology  of  the 
MIZ  and  its  temporal  and  spatial  variations  along  with  simu- 
laneous  meteorological  and  oceanographic  observations.  Be¬ 
cause  MIZ  locations  are  in  the  dark  about  half  the  year  and 
usually  cloudy  when  not,  the  MIZEX  plans  put  special  em¬ 
phasis  on  passive  and  active  microwave  remote  sensing. 

The  sole  satellite  microwave  sensor  operating  during  the 
MIZEX  experiments  has  been  the  scanning  multichannel 
microwave  radiometer  (SMMR)  on  Nimbus  7,  and  it  has  pro¬ 
vided  essential  large-scale  ice  observations.  Remote-sensing 
aircraft  obtained  detailed  microwave  observations  of  the 
MIZEX  mesoscale  areas  ( ~  100  km  x  100  km)  in  which  com¬ 
prehensive  dielectric,  meteorological,  and  ocean  observations 
took  place  [Cavalieri  et  al.,  1986;  Shuchman  et  al. ,  1987].  The 
design  of  the  MIZEX  mesoscale  microwave  aircraft  programs 
was  based  on  instrumental  and  logistical  techniques  used  in 
earlier  MIZ  remote  sensing  studies;  the  joint  U.S./USSR 
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Bering  Sea  Experiment  (BESEX)  in  winter-spring  1974  [Kon¬ 
dratyev  et  al.,  1975;  Gloersen  et  al.,  1982],  in  the  southern 
Beaufort  Sea  in  winter  1975  [Campbell  et  al.,  1976]  and 
winter-spring  1978  [Campbell  et  al.,  1980],  and  in  the  east 
Greenland  Sea  during  the  Norwegian  Remote  Sensing  Experi¬ 
ment  (NORSEX)  in  winter  1979  [NORSEX  Group.  1983]. 
However,  the  MIZEX  '84  remote  sensing  program  differed 
from  these  preceding  experiments  in  one  fundamental  and  im¬ 
portant  aspect:  the  aircraft  and  satellite  data  were  used  in  a 
near-real  time  mode  to  direct  investigators  in  ships  and  air¬ 
craft  to  rapidly  evolving  ice-ocean  phenomena,  especially 
eddies. 

The  most  comprehensive  MIZ  aircraft  program  performed 
to  date  took  place  during  MIZEX  '84  in  the  Fram  Strait-east 
Greenland  Sea  area  during  the  period  June  9  through  July  16, 
1984.  Five  microwave  remote  sensing  aircraft  performed 
sequential  mesoscale  mapping  with  a  variety  of  passive  and 
active  microwave  sensors.  The  NASA  CV-990  airborne  lab¬ 
oratory  had  19-  and  92-GHz  imagers,  a  6-channel  radiometer 
operating  at  three  wavelengths  from  0.8  to  1.7  cm  with  both 
horizontal  and  vertical  polarizations  except  without  horizon¬ 
tal  polarization  for  1.4  cm.  and  a  metric  aerial  camera.  The 
Canadian  Center  of  Remote  Sensing  (CCRS)  CV-580  had  the 
Environmental  Research  Institute  of  Michigan  (ERIM)  digital 
X  and  L  band  synthetic  aperture  radar  (SAR).  The  Institut 
Geographique  National  B-17  used  the  digital  X  band  side¬ 
looking  airborne  radar  (SLAR)  of  the  Centre  National 
d'Etudes  Spatiales  (CNES).  The  U.S.  Navy  Naval  Research 
Laboratory  (NRL)  P-3  flew  a  90-GHz  imager  and  other  radi¬ 
ometers.  and  the  National  Oceanographic  and  Atmospheric 
Administration  (NOAA)  P-3  had  an  X  band  SLAR  and  gust 
probes.  These  aircraft  flew  joint  and  individual  missions  over 
the  mesoscale  MIZEX  array  of  ships,  and  all  flights  were 
made  with  simultaneous  or  near-simultaneous  (within  1  day) 
radiometric  measurements  from  the  Nimbus  7  SMMR  and 
surface-based  sensors. 

The  active  and  passive  microwave  data  acquired  by  the 


680$ 


ICE  CONCENTRATIONS  FROM  SMMR 


6806 


Campbell  et  al.  :  Remote  Sensing  of  Sea  Ice  Morphology 


Fig.  I.  Ice  concentrations  during  MIZEX  '84  derived  from  Nimbus  7  SMMR  radiances.  June  8-30,  1984.  Boses  indicate  the  location  of  the 
mesoscale  microwave  observations  made  from  each  remote  sensing  aircraft.  The  shaded  areas  indicate  parts  of  Svalbard  (east)  and  Greenland 
(west). 
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Fig.  2.  Ice  concentrations  during  MIZEX  ”84  derived  from  Nimbus  7  SMMR  radiances,  July  4-16.  1984.  Boxes 
indicate  the  location  of  the  mesoscale  microwave  observations  made  from  each  remote  sensing  aircraft.  The  shaded  areas 
indicate  parts  of  Svalbard  (east)  and  Greenland  (west). 


NASA  CV-990,  the  Canadian  CV-580,  and  the  French  B-17  region,  and  this  information  not  only  aided  in  the  initial  site 
provide  a  comprehensive  synoptic  sequential  description  of  selection  and  buoy  deployment  of  MIZEX  ’84  but  also  was 
the  mesoscale  sea  ice  morphology  of  the  Fram  Strait  MIZ  and  used  in  directing  the  microwave  aircraft  flights  through  the  38 
its  variations  throughout  a  melt  season.  This  summer  MIZ  days  of  flight  operations.  During  the  experiment,  the  SMMR 
had  complex  and  ephemeral  ice  structures,  with  pronouned  was  on  for  every  even  Julian  day  and  imaged  the  entire  sea  ice 
variations  in  ice  concentration,  floe  size  distribution,  and  ice  cover  between  Greenland  and  Svalbard  (west  Spitzbergcn)  ex¬ 
edge  shape  and  position.  This  paper  presents  an  analysis  of  tending  from  the  sea  ice  edge  to  83°N. 
the  data  acquired  with  these  three  aircraft  and  from  the  These  data,  processed  using  the  SMMR  Team  sea  ice  algo- 
SMMR  to  describe  the  varying  large-scale  and  mesoscale  ice  rithm  [ Cavalieri  et  a!.,  1984]  including  a  weather  filter  [Gloer- 
morphology  and  then  discusses  aspects  of  the  atmospheric  sen  and  Cavalieri,  1986],  yielded  sea  ice  concentration  maps 
and  ocean  forcing  involved  in  determining  their  temporal  and  covering  the  period  June  8  to  July  16,  1984  (Figures  1  and  2). 

spatial  variations.  Multifrequency  observations  for  cold  ice  give  ice  con¬ 

centrations  with  accuracies  of  3-3%  [Cavalieri  et  al,  1984; 

2.  SMMR  Sea  Ice  Distributions  swift  and  Cavalieri,  1985;  Svendsen  et  al.,  1983],  These  14 

The  Nimbus  7  SMMR  provided  near-real  time  ice  observa-  maps  show  the  large-scale  ice  concentration  distribution  for 

tions  for  an  area  much  larger  than  the  actual  experiment  every  day  that  one  or  more  of  the  three  aircraft  performed  a 
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Fig.  3.  Mesoscale  reaps  of  sea  ice  morphology  derived  from  radar  observation*  made  by  Ibe  ERIM  SAR  onboard  the 
Canadian  CV-580  and  the  CNES  SLAR  onboard  the  French  B-I7: (e)  June  29  by  the  CV-580,  (h)  June  30  by  the  CV-580, 
(c)  June  30  by  the  B-17,  and  (<f)  July  5  by  the  CV-580.  The  ice  concentration  and  median  floe  tine  for  the  legend  are  as 
follows:  1,  large  individual  floes;  2,  ice-free  ocean  and  polynyas;  3,  concentration  of  <20%;  4,  concentration  of  20  to  45%. 
median  floe  size  of  125  m;  5.  concentration  of  45  to  70%,  median  floe  sine  of  I  km;  6,  concentration  of  70  to  90%,  median 
floe  size  of  100  m;  7,  concentration  of  80  to  100%,  median  floe  size  of  1  km. 


mapping  mission.  The  area  mapped  during  each  flight  is 
shown  in  each  SMMR  ice  concentration  map,  with  the  name 
of  each  aircraft.  Of  the  18  mesoscale  maps  acquired  by  the 
aircraft,  six  were  acquired  on  odd  days  (June  9  and  29;  July  5, 
7,  9,  and  11).  In  this  case  the  area  mapped  is  shown  in  the 
SMMR  map  for  the  preceding  or  following  day  with  the  ob¬ 
servation  date  in  parentheses  under  the  aircraft  name. 


The  SMMR  ice  concentrations  maps  (Figures  1  and  2)  give 
both  the  ice  extent  and  the  ice  concentration,  with  con¬ 
centration  isopleths  for  20,  30,  50,  70,  and  90%.  These  con¬ 
tours  were  drawn  from  the  direct  output  of  the  SMMR  ice 
algorithm  which  produces  grid  print  maps  on  4%  ice  con¬ 
centration  intervals,  a  technique  also  used  to  analyze  SMMR 
data  of  the  same  area  acquired  during  summer  1983  [ Gloersen 
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Fig.  4.  Meso  scale  maps  of  sea  ice  morphology  derived  from  radar  observations  made  by  the  ERIM  SAR  onboard  the 
Canadian  CV-580  and  the  ONES  SLAR  onboard  the  French  B-17 :  (a)  July  6  by  the  B-17,  (b)  July  6  by  the  CV-580.  (c)  July 
7  by  the  CV-580.  and  (d)  July  9  by  the  CV-580.  The  ice  concentration  and  median  floe  size  for  the  legend  are  as  follows:  1. 
large  individual  floes;  2.  ice-free  ocean  and  polynyas;  3.  concentration  of  <20%;  4,  concentration  of  20  to  45%.  median 
floe  size  of  125  m:  5,  concentration  of  45  to  70%,  median  floe  size  of  1  km;  6,  concentration  of  70  to  90%.  median  floe  size 
of  100  m;  7.  concentration  of  80  to  100%,  median  floe  size  of  1  km. 


and  Campbell,  1984].  In  these  maps,  many  areas  have  nearly 
coincident  or  coincident  20  and  30%  ice  concentration  iso- 
pleths;  this  situation  occurs  frequently  with  compact  ice  edges. 
A  key  question  asked  by  those  unfamiliar  with  interpreting 
SMMR  ice  concentration  maps  is  what  ice  concentration  iso- 


pleth  coincides  best  with  the  actual  ice  edge  position  deter¬ 
mined  by  high-resolution  images  obtained  by  aircraft  and  ob¬ 
servations  from  ships.  This  question,  of  course,  has  nothing  to 
do  with  ice  algorithm  accuracy,  but  rather  is  concerned  with 
the  convolution  of  the  large  SMMR  footprint  with  the  small 
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Fig.  S.  Mesoscak  maps  of  tea  ice  morphology  derived  from  radar  observations  made  by  the  CNES  SLAR  onboard 
the  French  B-17:  (a)  July  11,  (6)  July  14,  and  (c)  July  16.  The  ice  concentration  and  median  floe  size  for  the  legend  are  as 
follows :  1,  large  individual  floes ;  2,  ice  free -ocean  and  polynyas;  3,  concentration  of  <  20% ;  4,  concentration  of  20  to  45%, 
median  floe  size  of  125  m;  5,  concentration  of  45  to  70  percent,  median  floe  size  of  1  km;  6,  concentration  of  70  to  90%, 
median  floe  size  of  100  m;  7,  concentration  of  80  to  100%,  median  floe  size  of  1  km. 


scale  of  the  ice  edge  as  determined  by  the  aircraft  and  surface 
observations. 

The  spatial  resolution  of  the  SMMR  is  approximately  30 
km  [ Cavalieri  et  al ,  1984],  while  that  of  the  aircraft  passive 


microwave  imager  (electrically  scanning  microwave  radiome¬ 
ter,  or  ESMR)  is  approximately  0.S  km  and  that  of  the  ERIM 
and  CNES  radars  is  about  10  m.  The  SMMR  observations, 
which  give  ice  concentrations  averaged  over  a  footprint,  make 
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Plate  I.  Mesoscale  microwave  radiometric  map*  made  from  data  obtained  with  the  electrically  scanning  microwave 
radiometer  (ESMR)  on  board  the  NASA  CV-990  airborne  laboratory  for  June  9  and  30,  1984.  (The  color  version  and  a 
complete  description  of  this  figure  can  be  found  in  the  separate  color  section  in  this  issue.) 


the  ice  edge  appear  more  diffuse  than  it  actually  is.  A  further 
spreading  results  from  the  gridding  of  the  data  onto  £°  by  £° 
maps.  For  example,  consider  a  consolidated  ice  pack  in  which 
~  100%  concentration  ice  extends  dose  to  the  edge,  say,  to 
within  several  kilometers.  In  this  case  the  SMMR  map  would 
show  an  apparently  diffuse  edge  with  an  ice  concentration 
going  from  0  to  ~  100%  over  a  distance  of  at  least  30  km. 
Therefore  the  SMMR  ice  concentration  maps  shown  in  Fig¬ 
ures  1,  2,  7,  and  8  and  the  SMMR  transect  data  shown  in 
Figures  9  and  10  give  concentration  gradients  near  the  ice 
edge  that  are  considerably  less  than  the  observed.  Also,  the 
actual  ice  edge  lies  not  along  the  20%  SMMR  isopleth  but 
some where  along  a  higher  concentration  isopleth.  The 
question  is,  which  isopleth? 

A  comparison  of  SMMR-derived  ice  concentrations  with 


high-resolution  aircraft  observations  and  ship  observations  ac¬ 
quired  during  NORSEX  [Svendsen  et  al-,  1983]  showed  that  in 
the  Greenland  Sea  for  the  fall-winter  period  the  actual  ice 
edge  position  correlated  best  with  the  50%  SMMR  ice  con¬ 
centration  isopleth.  These  results  used  the  NORSEX  algo¬ 
rithm  [Svendsen  et  al.,  1983]  which  yields  sea  ice  con¬ 
centration  determination  accuracies  in  the  same  range  as  does 
the  SMMR  Team  algorithm  [Cavalieri  et  al .,  1984].  During 
MIZEX  *84,  a  summer  experiment,  both  compact  and  diffuse 
ice  edges  were  observed  by  high-resolution  aircraft  microwave 
sensors,  shown  in  Figures  3-5  and  Plates  I  and  2.  (Plates  I 
and  2  are  shown  here  in  black  and  white.  The  color  versions 
can  be  found  in  the  separate  color  section  in  this  issue.)  These 
ice  edge  positions  and  ones  obtained  visually  from  the  aircraft 
indicate  that  for  diffuse  ice  edges  the  30%  SMMR  isopleth 
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Plate  2.  Mesoscale  microwave  radiometric  maps  made  from  data  obtained  with  the  ESMR  on  board  the  NASA 
CV-990  airborne  laboratory  for  June  12,  18,  22,  24,  and  26,  1984.  (The  color  version  and  a  complete  description  of  this 
figure  can  be  found  in  the  separate  colo-  section  in  this  issue.) 


closely  approximates  the  observed  edge  positions,  whereas 
compact  ice  edge  positions  correlate  best  within  the  40-50% 
SMMR  isopleths.  This  finding  is  discussed  in  detail  later  in 
this  paper. 

The  problem  of  the  limited  SMMR  spatial  resolution  and 
large  ice  concentration  gradients  also  applies  within  the  ice 
pack.  None  of  the  polynyas  which  appear  in  the  high- 
resolution  aircraft  mesoscale  maps  (Figures  3-5  and  Plates 
1-2)  appear  in  the  SMMR  maps  because  they  are  of  a  size  not 
resolvable  by  SMMR.  However,  the  occurrence  of  many  poly¬ 
nyas  within  a  SMMR  footprint  will  reduce  the  SMMR  ice 
concentration  of  that  SMMR  pixel.  The  only  polynya  that 
appears  in  the  SMMR  maps  is  the  very  large  one  off  northeast 
Greenland. 

The  SMMR  ice  concentration  maps  amply  illustrate  the 
fact  that  the  sea  ice  cover  of  the  east  Greenland  Sea  under¬ 
went  pronounced  rapid  large-scale  and  mesoscale  variations. 
These  variations  occurred  not  only  in  the  MIZ  but  also  over 
the  entire  inner  ice  pack.  For  example,  from  July  10  to  16  the 
entire  north-central  sector  changed  from  >90%  ice  con¬ 
centration  to  between  70%  and  90%.  The  reduced  ice  con¬ 
centrations  associated  with  a  well-known  polynya  that  occurs 
each  summer  off  northeast  Greenland  appear  in  all  SMMR 


maps;  the  size  and  minimum  ice  concentration  of  this  polynya 
varied  greatly,  especially  during  July.  Because  the  SMMR 
footprint  is  the  same  size  as  the  typical  ice-ocean  eddies  ob¬ 
served  in  the  Fram  Strait  region  [ NORSEX  Group.  1983; 
Shuchman  et  at.,  1987;  Johannessen  et  al.,  this  issue],  these 
eddies  are  not  resolvable  in  the  SMMR  maps.  However, 
throughout  MIZEX  ’84,  meanders  several  footprints  in  size 
appear,  disappear,  and  then  reappear.  Some  of  these  mean¬ 
ders.  such  as  the  one  on  June  26  at  79'30'N  and  3  E,  will  be 
shown  to  have  been  associated  with  eddies. 

The  picture  of  the  behavior  of  this  summer  MIZ  that 
emerges  from  the  SMMR  maps  is  one  of  a  long  ( ~800  km)  ice 
edge  upon  which  meanders  repeatedly  formed,  moved,  and 
disappeared,  with  all  of  this  activity  taking  place  in  a  50-  to 
100-km-wide  band.  Behind  this  edge  the  ice  pack  rapidly  and 
frequently  compacted  and  expanded  throughout  a  200-km- 
wide  zone. 

3.  Mesoscale  Ice  Morphology  by 
Passive  Microwave 

During  the  period  June  9-30,  the  NASA  CV-990  airborne 
laboratory  mapped  the  MIZEX  ’84  experiment  area  seven 
times.  A  list  of  the  aircraft  instrumentation  is  given  in  Table  1. 
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TABLE  l.  NASA  CV-990  Instrumentation 


Passive 

Microwave 

Instrument 

Frequency, 

GHz 

View 

Angle. 

deg 

Polari¬ 

zation 

Beam 

Width. 

deg 

Reso¬ 

lution, 

altitude 

Electrically 

scanned 

microwave 

radiometer 

19.35 

50  L  to 

50  R 

H 

2.8 

1/20 

Aircraft 

multichannel 

18.0 

45  (right  of 
nadir) 

H/V 

6 

1/7 

microwave 

radiometer 

21.0 

45  (right  of 
nadir) 

V 

6 

1/7 

37.0 

45  (right  of 
nadir) 

H/V 

6 

1/7 

Aircraft 

uplooker 

21.0 

37.0 

22  (right  of 
zenith 

22  (right  of 
zenith) 

6 

Advanced 

microwave 

moisture 

92.0 

45  L  to 

45  R 

mixed 

2 

1/30 

Instrument  Description 


Radar  altimeter  !3.7-GHz  Rutherford  Appelton 

Infrared  radiometer  PRT-S  10.7-/im  nadir  viewing 

Cartographic  camera  (1)  KS-87B  5-inch  format  nadir  viewing 
(2)  KS-87B  5-inch  format  45°  right  of 
nadir  viewing 


and  the  electrically  scanning  microwave  radiometer,  operating 
at  a  frequency  of  19.35  GHz  (1.55  cm),  produced  the  images 
shown  in  Plates  I  and  2.  All  seven  mapping  missions  were 
flown  at  about  9550  m,  which  gives  a  resolution  of  about  0.5 
km.  Each  image  is  presented  with  a  color  scale  (to  the  right  of 
the  image)  that  relates  the  microwave  radiances  to  the  ice 
concentration.  Note  that  the  scales  vary,  because  during  the 
observational  period  the  ice  surface  went  through  alternating 
freeze-thaw  periods,  and  the  microwave  emissivities  of  sea  ice 
responded  accordingly.  Therefore,  different  radiance-ice  con¬ 
centration  relationships  apply  depending  on  the  wet  or  dry 
surface  conditions  at  the  time  of  each  flight.  Since  the  ESMR 
scans  cross-track  and  takes  data  at  varying  incidence  angles, 
the  calibration  of  each  beam  position  yields  approximately 
nadir  values  of  the  radiances,  to  avoid  limb  darkening  in  the 
images.  The  calibration  consisted  of  a  two-point  linear  cali¬ 
bration  of  each  beam  position,  using  model  values  for  the 
radiances  of  consolidated  sea  ice  near  the  melt  point  and  calm 
open  water  with  clear  skies.  The  data  taken  at  the  ends  of  the 
flight  lines,  during  aircraft  turns,  must  be  ignored  because  the 
view  angle  of  the  ESMR  was  canted  30° -40°  left  or  right  of 
nadir. 

The  two  different  concentration  scales  in  Plates  1  and  2 
correspond  to  (1)  the  situation  where  the  ice  is  at  the  melting 
point  over  the  entire  MIZEX  '84  area  and  (2)  that  where  the 
ice  surface  temperatures  are  completely  or  partially  below  the 
freezing  point.  The  melt  (wet)  ice  case  is  the  most  straightfor¬ 
ward  for  deducing  ice  concentrations,  since  both  first-year 
and  multiyear  ice  have  about  the  same  microwave  signature 
( -  270  K).  at  the  melt  point.  Thus  100%  ice  concentration  is 
set  at  this  value  for  June  22  and  24,  when  the  MIZEX  '84  area 
was  cloud-covered  and  the  entire  ice  surface  wet.  On  June  9, 
12,  18,  26,  and  30,  for  the  frozen  or  partially  frozen  case,  there 
are  areas  with  fully  consolidated  ice  where  the  radiance  is 


about  225-235  K,  typical  of  multiyear  ice  below  the  freezing 
point  at  this  time  of  the  year.  Thus  the  100%  concentration 
mark  is  set  at  this  value,  and  all  radiances  above  235  K.  are 
also  interpreted  as  100%  ice  cover,  because  radiances  of  fully 
compact  mixtures  of  first-year  and  multiyear  ice  can  range 
from  about  225  to  270  K.  The  open  water  point  of  125-135  K 
is  used  for  the  0%  ice  concentration  point  on  both  scales.  The 
10  X  steps  on  the  two  ESMR  color  scales  were  chosen  to  be 
consistent  with  the  rms  noise  of  the  instrument  (about  6  K). 
The  value  of  the  bottom  of  the  scales  was  chosen  to  be  10  K. 
less  than  the  minimum  radiances  observed  over  the  oceans. 
The  top  value  of  the  scales  was  chosen  to  be  10  K.  more  than 
the  maximum  radiances  observed  over  the  sea  ice. 

The  ice  concentration  scale  for  the  melt  (wet)  cases  is  shown 
in  Plate  2  to  the  right  of  the  July  22  and  24  images,  which 
were  days  on  which  all  the  ice  was  wet.  The  scale  for  frozen 
(dry)  cases  is  shown  in  Plate  1  to  the  right  of  the  June  9  and 
30  images,  which  were  days  on  which  all  the  ice  was  frozen 
(dry).  The  situation  for  June  12,  18,  and  26  is  more  complex 
than  the  above  because  on  these  days  the  mesoscale  areas  had 
both  clear  and  cloudy  regions,  with  low-level  stratus  and  strat- 
ocumulus,  and  therefore  wet  and  dry  surface  conditions.  Thus 
on  these  days  both  the  ice  concentration  scales  shown  in  Plate 
2  apply.  On  June  12  a  stratocumulus  layer  covered  the  area  in 
the  center  of  the  image,  and  the  surface  of  the  ice  under  it 
melted,  which  accounts  for  the  center  band  —  270  K  radiances 
in  this  imge.  On  June  18,  stratocumulus  clouds  covered  the 
area  north  of  81.5°N  latitude,  again  causing  melt  and  270  K 
radiances,  while  the  area  to  the  south  was  cloud-free  with  a 
dry  ice  surface.  On  June  28,  a  stratus  layer  covered  the  area 
north  of  80.5°N  latitude,  where  once  again  the  high  radiances 
of  wet  ice  appear  in  the  mesoscale  image. 

Gloersen  et  al.  [1974]  and  Zwally  and  Gloersen  [1977]  esti¬ 
mated  that  the  accurcy  of  ice  concentration  froir  ESMR  radi¬ 
ances  without  a  priori  knowledge  of  surface  temperatures,  ice 
types,  and  atmospheric  conditions  is  + 15%.  With  such 
knowledge,  the  end  points  of  the  linear  interpolation  are  more 
precise,  and  therefore  the  accuracy  of  the  concentration  deter¬ 
mination  is  set  by  the  radiance  interval  used  in  the  color  scale. 
In  the  present  case,  such  a  priori  knowledge  was  available 
from  numerous  observations  from  ships  and  helicopters.  This 
means  that  the  accuracy  for  estimates  using  the  scale  for  dry 
conditions  is  about  10%,  corresponding  to  the  10  color  steps 
between  the  end  points  of  the  dry  ice  scale,  while  that  for  wet 
conditions  is  about  6%,  corresponding  to  the  16  color  steps 
between  the  end  points  of  the  wet  ice  scale. 

The  ice  concentration  distributions  given  in  the  passive 
microwave  maps  (Plates  1  and  2)  and  those  given  in  the 
SMMR  maps  (Figures  1  and  2)  closely  agree.  Figure  9,  which 
will  be  discussed  later,  shows  temporal  variation  of  the  50% 
SMMR  ice  concentration  isopleth  along  6°E  and  the  ice  edge 
location  from  aircraft  observations.  The  aircraft  ice  edge  is 
consistently  10  to  20  km  north  of  the  SMMR  edge,  well  within 
the  scale  of  the  SMMR  footprint  (30  km). 

Two  aspects  of  the  mesoscale  MIZ  morphology  are  unam¬ 
biguously  revealed  in  these  mosaics,  the  distribution  of  poly- 
nyas  and  the  complex  ice  structures  near  the  ice  edge,  es¬ 
pecially  those  associated  with  ice-ocean  eddies  (Plates  1  and 
2).  Many  large  floes  are  clearly  resolved  in  each  image  where 
they  were  surrounded  by  zones  of  reduced  ice  concentration 
and/or  differing  ice  type.  For  example,  note  the  large  (  —  15 
km)  floe  centered  at  81°10'N,  8°50'E  in  the  June  12  ESMR 
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Fig.  6.  Mesoscale  photomosaic  obtained  with  a  KS-87  metric  camera  on  board  the  NASA  CV-990  airborne  laboratory 

on  June  30.  1984. 


image  (Plate  2)  which  has  a  signature  of  —  265  K  while  the  ice 
around  it  has  a  signature  of  —  225  K.. 

4  Mesoscale  Ice  Morphology  by 
Active  Microwave 

The  high-resolution  capability  of  radar  makes  it  the  ideal 
sensor  to  observe  sea  ice  morphology  and  motion  under  all 
meteorological  and  lighting  conditions.  Radar  observations 
can  accurately  determine  floe  size  distributions,  and  repetitive 
mapping  of  a  given  area  can  be  used  to  obtain  the  detailed  ice 
kinematic  and  deformation  fields  needed  for  ice  forecasting 
and  model  studies.  Therefore  repetitive  radar  observations  of 
the  MIZEX  ’84  area  were  a  key  part  of  the  remote  sensing 
program,  and  1 1  mesoscale  maps  derived  from  radar  observa¬ 
tions  were  obtained  during  the  period  June  29,  to  July  16  with 
the  ERIM  digital  X  and  L  band  SAR  flown  on  the  CCRS 
CV-580  and  the  CNES  VARAN-S  digital  X  band  SLAR  (Fig¬ 
ures  3.  4,  and  5|. 

An  important  aspect  of  the  remote  sensing  program  in 
MIZEX  has  been  to  discover  if  sea  ice  concentration  can  accu¬ 
rately  be  measured  with  radar.  The  dynamic  range  and  resolu¬ 
tions  of  radars  used  in  earlier  mesoscale  mapping  experiments 
in  the  Beaufort  Sea  during  the  Arctic  Joint  Dynamics  Experi¬ 
ment  (AIDJEX)  in  1975  1976  [ Campbell  et  al  .  1978;  Leberl  et 
al..  1979]  and  the  Bering  Sea  Experiment  in  1974  [ Ramseier  et 
al..  1982]  were  insufficient  to  permit  ice  concentration  esti¬ 
mates  The  improved  radars  used  in  MIZEX  '84  permit  such 
estimates  [Burns  et  al..  1986] 


The  ensemble  of  aircraft  data  obtained  on  June  30  over  the 
same  MIZ  area  provides  an  excellent  base  to  compare  the  ice 
concentration  estimates  derived  from  passive  and  active 
images  with  metric  camera  photography.  This  was  the  key  day 
of  the  remote  sensing  program,  with  the  CV-990.  CV-580.  and 
B-17  aircraft  flying  on  this  cloud-free  day  al  the  same  time 
over  the  same  area  of  the  MIZ  containing  mesoscale  ice-ocean 
eddies.  The  map  for  June  30  in  Figure  1  shows  the  mesoscale 
areas  flown  by  each  aircraft.  The  ESMR  image  (Plate  1)  and 
photomosaic  (Figure  6)  obtained  by  the  CV-990  overlaps 
100“..  of  the  B-17  SLAR  image  (Figure  3c)  and  75%  of  the 
CV-580  SAR  image  (Figure  3h). 

Experience  gained  during  AIDJEX  [ Campbell  et  al..  1978; 
Gloersett  et  al..  1978]  shows  that  great  care  must  be  taken  in 
comparing  active  and  passive  microwave  images  and  photo¬ 
graphs  of  sea  ice.  The  problem  is  that  new  ice  (ntlas.  pancakes) 
which  forms  in  leads  and  polynyas  has  a  radiometric  signature 
quite  distinct  from  that  of  open  water  in  the  19-  to  37-GHz 
passive  microwave  range,  while  in  radar  images  and  nadir- 
pointmg  photographs  a  distinction  between  open  water  and 
new  ice  forms  is  frequently  impossible.  Therefore  during  the 
June  30  aircraft  overflights,  emphasis  was  placed  on  lead  and 
polynya  observations  Of  the  three  aircraft,  the  B-17  flew  at 
the  lowest  altitude  (2400  m).  and  during  each  of  the  six  paral¬ 
lel  flight  lines,  oblique  visual  and  photographic  observations 
were  made  in  the  direction  of  the  sun  The  sharp  glint  from 
ice-free  leads,  usually  covered  with  capillary  and  small  gravity 
waves,  is  quite  distinct  from  the  flat  glare  of  those  with  new 
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SURFACE  WIND  STRESS 


M1ZEX  '84,  June  9-30,  1984.  Vectors  originating  at  a  cross  indicate  stresses  derived  from  observations 
aboard  ships. 
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pack  (50%/50  km).  The  SMMR  map  for  June  28  also  shows  a 
high  concentration  gradient  of  50%,  50  km  in  the  area  of  the 
radar  map. 

A  very  different  ice  morphology  occurred  just  south  of  this 
area  on  June  30  and  was  observed  by  all  three  aircraft.  The 
SMMR  map  (Figure  1)  shows  the  overlap  of  the  aircraft  maps 
(Figure  3)  and  that  they  were  made  over  an  area  of  low  ice 
concentrations  (30-50%).  All  three  maps  show  many  large 
polynyas  in  a  pack  with  many  large  floes,  as  if  a  compact  pack 
had  rapidly  diverged.  The  radar  ice  concentration  gradients 
averaged  over  SMMR  footprint  (30  km)  scales  compare  well 
with  the  SMMR  ones.  Note  that  in  the  overlapping  passive 
(ESMR)  and  active  (SAR.  SLAR)  microwave  maps  there  is  a 
-  10%  agreement  between  ice  concentration  estimates  in  the 
areas  of  high  and  low  concentration,  and  in  areas  of  inter¬ 
mediate  concentrations  the  agreement  is  of  the  order  of  20%. 
The  CV-990  (Plate  1)  and  B-17  (Figure  3c)  images  clearly 
show  the  complex  structure  of  a  long  ( ~  70  km)  plume  of  ice 
associated  with  an  eddy  located  at  79=15'N,  2'30'E  in  the 
vicinity  of  the  Molloy  Deep  [Johannessen  et  al.,  this  issue]. 

In  the  mesoscale  map  of  July  5  (Figure  3d),  ice-ocean  eddy 
plume  structures  of  low  concentration  ( —  20%)  were  adjacent 
to  the  main  ice  pack  with  many  large  floes  and  an  ice  con¬ 
centration  of  80-90%.  which  agrees  with  the  SMMR  con¬ 
centrations  in  that  area  on  July  6.  The  eddy  shown  in  the 
center  of  the  July  5  image  also  appears  in  the  advanced  very 
high  resolution  radiometer  (AVHRR)  images  of  July  4  (Plate 
3)  and  is  labeled  “1".  (Plate  3  is  shown  here  in  black  and 
white.  The  color  version  can  be  found  in  the  separate  color 
section  in  this  issue.)  Just  north  of  this  area  on  the  following 
day  a  similar  morphology  existed  (Figure  4a),  but  the  ice 
plume  and  band  zone  associated  with  eddies  was  much  wider 
( ~  80  km).  The  radar  map  of  July  7  (Figure  4c).  obtained  in 
essentially  the  same  area  as  that  of  July  5,  shows  a  very  differ¬ 
ent  MIZ  structure  than  that  of  2  days  earlier.  The  MIZ 
became  compact,  and  the  main  pack  with  high  ice  con¬ 
centrations  (80-90%)  was  close  to  the  edge.  Long  bands  of 
compact  ice  with  high  concentrations  of  80-90%  made  up  of 
small  floes  (8-500  m)  appeared  along  the  ice  edge,  and  the 
zone  of  low-concentration  ice  between  the  edge  and  main 
pack  was  narrow  ( -  10  km).  This  high  ice  concentration  gradi¬ 
ent  agrees  well  with  the  SMMR  for  July  8. 

By  July  9  (Figure  4 d)  in  the  area  just  north  of  the  July  7 
mesoscale  map  area,  the  ice  edge  became  more  diffuse,  with 
low-concentration  bands  and  streamers  extending  ~50  km 
from  the  main  pack.  From  this  date  until  the  last  microwave 
mapping  mission  of  July  16,  a  pronounced  change  took  place 
from  the  earlier  mesoscale  and  large-scale  morphologies, 
which  is  clearly  shown  in  the  SMMR  maps  for  July  10,  14, 
and  16  (Figure  2)  and  B-17  SLAR  maps  for  July  1 1,  14,  and  16 
(Figures  5a,  5b,  and  5c).  These  data  show  that  at  the  end  of 
MIZEX  ’84  the  ice  in  the  MIZ  and  the  interior  pack  rapidly 
opened  up  and/or  melted.  The  mesoscale  maps  show  large 
areas  of  diffuse  ice  associated  with  eddies  and  only  small 
amounts  of  high-concentration  ice.  The  SMMR  maps  show 
very  low  concentration  gradients  in  the  MIZEX  area  with 
rapidly  decreasing  concentrations  in  the  interior  pack  adjacent 
to  it,  which  became  as  low  as  50%  on  July  16. 

Section  6  will  discuss  the  ocean  current  and  wind  forces  that 
created  these  complex  and  rapidly  changing  ice  morphologies. 


5.  Wind  Stress 

The  observed  MIZ  ice  morphology  results  from  the  com¬ 
bined  effects  of  atmospheric  and  oceanographic  forcing,  and  of 
these  two,  daily  synoptic  information  is  available  only  for  the 
atmospheric  forcing.  Figures  7  and  8  give  the  wind  stress  fields 
for  the  day  on  which  each  aircraft  microwave  map  was  ob¬ 
tained.  The  wind  stress  maps  were  made  using  direct  stress 
measurements  from  the  various  ships,  when  available,  or  com¬ 
puted  wind  stress  from  wind  observations,  and  finally,  where 
there  were  no  observations,  the  large-scale  pressure  maps 
[ Lindsay ,  1985]. 

The  direct  wind  stress  measurements  were  made  from  bow 
masts  on  the  Polar  Queen  and  Hakon  Mosbv  and  were  made 
using  the  dissipation  method  of  Shacher  et  al.  [1981].  Also, 
profile  and  eddy  correlation  measurements  from  towers  on  ice 
floes  adjacent  to  the  Polar  Queen  yielded  stress  values.  When 
direct  stess  measurements  were  unavailable,  the  bulk  method 
estimated  the  stress  using  the  drag  coefficient  and  the  10-m 
wind.  Wind  measurements,  when  available,  from  Polarstern, 
Kvitbjorn,  Valdivia,  and  Lynch  gave  additional  stress  infor¬ 
mation  using  the  bulk  technique. 

The  value  of  the  drag  coefficient  C0  over  areas  with  sea  ice 
was  determined  from  the  SMMR  ice  concentration  maps 
using  the  technique  of  Guest  and  Davidson  [this  issue],  which 
relates  CD  to  ice  morphology.  In  open  ocean  regions,  the  value 
of  CD  during  neutral  stability  was  set  to  2.0  x  10“  \  which 
was  the  average  obtained  from  the  Hakon  Mosbv  stress 
measurements.  During  unstable  conditions,  CD  was  adjusted 
for  stability  using  the  method  of  Large  and  Pond  [1981], 

Where  no  stress  or  wind  observation  existed,  the  stress  was 
calculated  from  the  gradient  wind.  These  calculations  used  the 
surface  weather  maps  prepared  by  the  National  Meteorologi¬ 
cal  Center  contained  in  the  work  of  Lindsay  [1985],  Maps 
prepared  specially  for  the  MIZEX  region  using  all  available 
data,  including  satellite  information  (Picard,  unpublished  data, 
1984),  were  used  during  the  peridos  June  18-24  and  July  4-6. 
The  ratio  of  the  friction  velocity,  from  ship  surface  measure¬ 
ments,  and  the  gradient  wind,  um/G,  as  well  as  the  turning 
angle  a  between  G  and  Ul0,  were  calculated  at  the  ship  lo¬ 
cations.  The  magnitude  and  direction  of  the  wind  stress  was 
then  determined  at  locations  away  from  the  ships  using  the 
h./G  and  a  relationships  from  the  nearest  ship.  If  the  stability 
or  surface  roughness  changed  significantly  away  from  the 
ships,  then  u,/G  and  a  were  altered  according  to  the  model 
results  from  Overland  [1985]  over  ice  regions  or  from  Brown 
and  Liu  [1982]  for  the  open  ocean.  The  gradient  wind  speed 
was  the  dominant  factor  affecting  wind  stress,  while  stability 
and  roughness  effects  were  of  secondary  importance. 

The  wind  stress  fields.  Figures  7  and  8.  used  the  vector- 
averaged  wind  stress  in  the  period  0000  to  1200  UT  on  the 
day  of  the  aircraft  flights.  These  wind  stress  maps  show  large- 
scale  ( >  20  km)  wind  stress  and  do  not  reflect  local  variations 
in  wind  stress  caused  by  the  mesoscale  ice  variations  as  ob¬ 
served  with  ESMR.  SAR,  or  SLAR.  The  terms  light,  moderate, 
or  strong  winds  refer  to  wind  speeds  of  <5  m  s'1.  5-10  m 
s~  \  and  >10  m  s  ‘ 2,  respectively.  The  vectors  indicate  the 
direction  and  magnitude  of  the  wind  stress  at  the  base  of  the 
vector.  If  this  value  was  from  a  directly  measured  surface  wind 
from  a  ship,  it  is  indicated  by  a  cross  at  the  vector  base. 
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Fig.  9.  SMMR  ice  concentrations  and  surface  wind  stress  along 
the  transect  in  the  eastern  sector  during  MIZEX  '84.  The  geographic 
position  of  this  transect  is  shown  in  Figure  1.  Diamonds  show  the 
positions  of  the  $0%  ice  concentrations  along  the  transect  as  given  in 
the  mesoscale  microwave  images. 

6.  Ice  Morphology  Affected  by  Wind  Stress 
and  Ocean  Circulation 

The  sequential  synoptic  microwave  observations  shown  in 
Figures  1-5  and  Plates  1-2  show  the  general  ice  conditions 
that  occurred  during  MIZEX  '84  as  well  as  the  rapid  response 
of  the  ice  morphology  to  variations  in  ocean  current  and  wind 
forces.  The  SMMR  observations  give  the  large-scale  ice  con*, 
ditions.  while  the  aircraft  observations  give  the  detailed  meso- 
scalc  conditions  as  the  experiment  area  moved  from  east  to 
west  at  approximately  8  km  d*  *,  or  with  the  mean  ice  drift. 

The  combination  of  the  SMMR  maps  and  the  surface  wind 
stress  fields  for  the  entire  region  (Figures  7  and  81  shows  the 
variations  of  the  large-scale  ice  morphology  in  response  to 
changing  meteorological  conditions,  which  are  now  discussed 
before  a  similar  discussion  of  the  mesoscale  morphology  vari¬ 
ations.  In  general,  the  ice  edge  and  the  pack  close  to  it,  the 
region  between  the  30%  and  the  70%  ice  concentration  lines, 
have  undulations  whose  amplitudes  vary  depending  on  the 
strength  of  the  wind.  After  periods  of  low  wind  stress,  <0.05 
N  m "  *,  large  undulations  form  with  two  dominant  protuber¬ 
ances  that  result  from  the  mean  oceanographic  conditions. 
One  repeatedly  forms  at  approximately  77°N,  2°W  as  a  result 
of  the  East  Greenland  Current  that  transports  ice  eastward  as 
it  follows  the  curving  shelf  break  in  this  region.  Another  one 
repeatedly  forms  at  approximately  79.2°N,  2°E,  in  the  vicinity 
of  the  Molloy  Deep,  a  region  of  eddy  generation  and  activity 
[Vofiannessen  et  al.,  this  issue].  These  protuberances  disappear 
and  are  replaced  by  a  smooth  ice  edge  with  only  small- 
amplitude  undulations  immediately  after  large-scale  strong 
wind  stress  events,  >0.15  N  m~2,  that  overwhelm  the  meso¬ 
scale  oceanographic  forcing.  Figures  7  and  8  give  the  wind 
stress  fields  only  for  the  aircraft  radar  observation  days  and 
have  gaps  of  up  to  4  days  between  observations.  Lindsay 
[1985]  and  Figures  9  and  10  give  the  daily  sequential  wind 
conditions.  These  data  show  that  the  relatively  straight  edge  of 
July  5  resulted  from  the  moderate  winds  that  occurred  during 
July  2  to  4. 

These  observations  show  that  regardless  of  the  wind  direc¬ 
tion,  strong  winds  tend  to  smooth  the  large-scale  and  MIZ 
morphology,  primarily  as  a  result  of  wind  generated  shear  in 


the  ice  pack.  The  wind-driven  ice  transport  is  seldom  purely 
on  or  off  ice,  it  usually  contains  a  strong  component  along  the 
ice  edge,  and  Shuchman  et  al.  [1987]  show  from  buoy  drifts 
that  strong  shear  occurs  in  the  MIZ  during  strong  winds.  In 
addition,  ice  transport  normal  to  the  ice  edge  also  tends  to 
smooth  large-scale  features.  On-ice  transport  compacts  the  ice 
and  produces  internal  ice  stresses  that  tend  to  smooth  these 
large  scale  protrusions.  The  off-ice  component  combines  with 
rapid  melting  as  the  ice  drifts  across  the  polar  front  into  warm 
North  Atlantic  water  to  limit  the  seaward  ice  drift,  and  the  ice 
extent  will  be  influenced  by  the  large-scale  upper  ocean  tem¬ 
perature  distribution.  Measurements  by  Josberger  [this  issue] 
show  that  in  the  MIZ  the  heat  transfer  from  the  upper  ocean 
to  the  ice  can  melt  2-m-thick  ice  in  less  than  2  days.  Hence  the 
warm  ocean  acts  as  a  barrier  that  restricts  southerly  ice  trans¬ 
port.  and  the  ice  edge  position  will  indicate  the  ocean  thermal 
structure  in  this  situation.  This  occurred  on  June  24  and  26. 
two  days  with  moderate  protuberances,  during  a  wind  regime 
that  would  produce  more  off-ice  transport  than  transport 
along  the  edge. 

Several  examples  of  the  transformation  between  the  two 
configurations  can  be  seen  in  Figures  7  and  8.  On  June  9,  two 
large  protuberances  dominated  the  large-scale  MIZ  morphol¬ 
ogy.  The  moderate  to  strong  winds  during  June  9  to  1 1  yield¬ 
ed  the  smooth  edge  of  July  12.  During  June  18  to  22,  light 
winds  or  no  wind  occurred,  and  by  June  22  the  two  large 
protuberances  reappeared.  During  June  23  and  24.  strong 
on-ice  winds  over  the  Fram  Strait  region  smoothed  the  pro¬ 
tuberance  associated  with  the  Molloy  Deep.  Strong  southerly 
winds  parallel  to  the  ice  edge  on  June  26  produced  a  nearly 
straight  edge  with  only  a  small  protuberance  near  the  Molloy 
Deep,  which  expanded  during  the  light  and  variable  winds  of 
June  28  and  29.  The  strong  off-ice  winds  of  July  7  to  9,  the 
strongest  during  the  experiment,  resulted  in  a  very  smooth  ice 
edge. 

The  complete  mesoscale  and  large-scale  data  ensemble.  Fig¬ 
ures  1-8  and  Plates  1-3.  for  the  MIZ  area  covered  during  the 
experiment.  10°E  to  8°W,  shows  that  the  ice  responds  to  dif¬ 
ferent  forcing  in  the  eastern  and  western  sectors.  The  eastern 
sector,  from  10°E  to  3°E.  is  over  a  bathymetric  plain  called  the 
Yermak  Plateau.  The  western  sector,  from  3°E  to  8°W,  in- 


Fig.  10.  SMMR  ice  concentrations  and  surface  wind  stress  along 
the  transect  in  the  western  sector  during  MIZEX  *84.  The  geographic 
position  of  this  transect  is  shown  in  Figure  1. 
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eludes  the  Molloy  Deep  and  the  Greenland  continental  shelf 
break.  In  the  eastern  sector  the  ice  edge  zone  generally  was 
aligned  east  to  west  for  the  entire  experiment,  and  the  ice 
concentration  gradients  remained  moderate  to  high,  70%/80 
km  to  70%/ 150  km.  However,  in  the  western  sector  the  ice 
edge  zone  undulates  widely  and  repeatedly,  and  the  ice  con¬ 
centration  gradients  fluctuate  from  low  (S0%/150  km)  to  high. 

To  discuss  the  ocean  and  wind  forcing  in  the  eastern  and 
western  sectors  in  relation  to  both  the  large-scale  and  meso- 
scale  variations  in  morphology,  we  have  constructed  a  time 
series  of  SMMR  ice  concentration  isopleth  positions  along 
transects  in  each  region  and  the  wind  stress  for  the  center  of 
each  region.  Figures  9  and  10.  These  transects  are  perpendicu¬ 
lar  to  the  averge  ice  edge  and  extend  from  the  open  ocean  into 
the  ice  pack  for  about  200  km.  and  they  are  shown  in  the 
SMMR  map  of  June  8  (Figure  1)  labeled  “E"  for  the  eastern 
sector  and  “W"  for  the  western  sector.  The  ordinate  in  Figures 
9  and  10  gives  the  distance  from  the  arbitrary  seaward  end  of 
each  transect,  which  for  the  eastern  transect  is  79°N,  6’E  and 
for  the  western  transect  is  78.5CN,  2.5=E.  These  figures  include 
data  from  all  of  the  SMMR  observations,  not  only  those  from 
the  15  maps  shown  in  Figures  7  and  8.  The  daily  wind  stress 
vectors  shown  are  for  the  center  of  each  transect,  which  for  the 
eastern  sector  is  at  80.5°N.  6'E  and  for  the  western  sector  is  at 
79°N.  0°E.  The  wind  stress  vectors  in  Figure  10  have  been 
rotated  to  show  the  stress  relative  to  the  section  line;  that  is,  a 
vertical  vector  is  parallel  to  the  section  line  and  a  horizontal 
vector  is  normal  to  the  section  line. 

Before  proceeding  with  the  discussion  of  the  morphology 
variations  in  these  two  sectors,  we  next  discuss  the  accuracy  of 
the  ice  edge  determinations  by  SMMR.  The  simultaneous  air¬ 
craft  and  SMMR  observations  provide  unique  data  to  make 
this  comparison.  All  but  the  final  passive  microwave  imaging 
took  place  in  the  eastern  sector,  while  all  of  the  radar  imaging 
took  place  in  the  western  sector.  The  six  passive  microwave 
images  obtained  in  the  eastern  sector  show  ice  edges  extending 
generally  east-west,  with  those  of  June  9,  12,  and  18  having 
diffuse  edge  zones  and  those  of  June  22,  24,  and  26  having 
compact  edge  zones.  The  1 1  radar  images,  with  the  exception 
of  that  of  July  7,  show  very  diffuse  and  irregular  ice  edges.  In 
addition  to  the  microwave  observations  from  each  aircraft, 
visual  observations  were  made  when  possible.  The  ice  edge 
position  was  observed  during  all  B-17  and  CV-990  flights, 
even  though  low  cloud  cover  was  present  most  of  the  time. 
The  great  albedo  difference  between  ice  and  water  and  the 
thin  low-level  stratus  and  stratocumulus  layers  made  it  possi¬ 
ble  to  visually  map  the  ice  edge  position,  including  large 
plumes  and  bands.  For  compact  ice  edges  the  edge  positions 
are  readily  determined,  but  for  difuse  edges,  determining  the 
edge  positions  involves  subjective  criteria.  In  this  study  we 
take  the  seaward  limit  of  large  bands  and  plumes,  such  as 
those  shown  in  the  radar  images  of  June  29  and  30  and  July  5, 
6,  9,  11,  14,  and  16,  for  the  ice  edge  position.  The  18  ice  edge 
positions  obtained  from  the  aircraft  radar,  ESMR,  and  visual 
observations  show  that,  for  diffuse  ice  edges,  the  30%  SMMR 
concentration  isopleth  best  correlates  with  the  ice  edge  posi¬ 
tion,  while  for  compact  ice  edges,  the  ice  edge  falls  between  the 
40  and  50%  SMMR  ice  concentratin  isopleths. 

The  Eastern  Sector 

In  the  eastern  sector,  two  strong  off-ice  and  on-ice  wind 
events  occurred  during  the  experiment,  as  shown  in  Figure  9. 


The  following  describes  the  effects  of  these  events  on  the  ice 
conditions,  referring  first  to  the  SMMR  data  and  then  the 
mesoscale  aircraft  data.  The  following  discussion  also  uses  the 
term  “ice  concentration  gradient,”  which  is  the  percent  change 
in  ice  concentration  divided  by  the  distance  over  which  the 
change  occurs.  Hence  a  compact  ice  pack  will  have  a  con¬ 
centration  gradient  greater  than  that  of  a  diffuse  ice  pack. 

From  June  9  to  12,  the  wind  stress  time  series  in  Figure  9 
shows  that  strong  to  moderate  off-ice  winds  occurred.  These 
winds  generated  seaward  motion  of  the  high-concentration  ice 
as  shown  by  the  50-km  southward  progression  of  the  90% 
SMMR  ice  concentration  isopleth  and  the  50-km  decrease  in 
the  distance  between  the  90  and  50%  ice  concentration  iso¬ 
pleths.  However,  the  ice  edge  advanced  southward  only  20 
km;  the  advance  was  limited  by  rapid  melting  as  the  ice  en¬ 
tered  warm  water.  The  mesoscale  maps  (Plates  1  and  2)  show 
that  on  June  9  a  very  diffuse  ice  edge  existed  with  a 
-  40-km-wide  zone  of  ice  bands  and  plumes  that  had  ice  con¬ 
centrations  ranging  from  10  to  30%.  Within  the  main  pack 
there  were  many  polynyas  5  to  20  km  in  length  with  micro- 
wave  signatures  that  indicate  —  50%  ice  concentrations.  Three 
days  later,  on  June  12,  the  width  of  the  diffuse  ice  edge  had 
increased  to  ~  60  km,  with  many  polynyas  in  the  main  pack. 
This  morphology  resulted  from  the  off-ice  winds  that  occurred 
during  this  2-day  period,  some  of  the  strongest  winds  of  the 
experiment.  Between  June  13  and  18  the  winds  were  light  and 
variable,  with  little  effect  on  the  ice  morphology,  and  the  ice 
edge  continued  to  be  diffuse. 

During  the  period  June  20  to  27,  compact  conditions  re¬ 
placed  the  diffuse  conditions  of  June  8  to  20  as  a  result  of 
changing  wind  conditions.  As  Figure  9  shows,  a  moderate 
wind  blew  towards  the  southwest  on  June  20  and  diminished 
to  almost  no  wind  on  June  22.  The  SMMR  ice  concentration 
gradient  increased  when  compared  with  the  previous  20  days. 
The  mesoscale  map  (Plate  2)  shows  no  polynyas  and  a  com¬ 
pact  ice  edge  region.  During  June  23  to  27  the  passage  of  a 
cyclone  south  of  this  sector  generated  the  strong  on-ice  winds. 
The  SMMR  ice  concentration  gradients  increased  to  60%/75 
km.  The  mesoscale  maps  for  June  24  and  26  (Plate  2)  show 
compact  ice  packs,  with  ice  concentrations  of  >90%  and  no 
polynas.  The  edge  zone  was  compact  and  nearly  linear.  The 
portions  of  these  two  images  that  cover  areas  west  of  3°E  will 
be  discussed  in  the  western  sector  section. 

During  July  6  through  10.  an  intense  cyclone  that  moved 
northward  to  the  east  of  Svalbard  generated  the  strongest 
off-ice  winds  experienced  in  the  eastern  sector  during  the  ex¬ 
periment.  As  Figure  9  shows,  these  winds  caused  a  rapid  de¬ 
crease  of  the  SMMR  ice  concentration  gradients  and  ad¬ 
vanced  the  ice  edge  southward  by  35  km.  The  ice  divergence, 
in  the  absence  of  strong  ocean  currents,  results  from  greater 
aerodynamic  roughness  in  the  edge  region  than  in  the  interior. 
Guest  and  Davidson  [this  issue]  show  that  the  bulk  drag  coef¬ 
ficient  is  40-100%  greater  near  the  ice  edge  than  deep  within 
the  pack.  The  on-ice  winds  of  July  10-11  caused  the  MIZ  to 
shift  northward  ~  15  km.  The  strong  decrease  in  ice  con¬ 
centration  throughout  the  eastern  sector  alter  July  14  results 
from  low  winds  and  the  regional  ice  melt  which  reaches  its 
peak  at  this  time. 

The  above  describes  a  MIZ  whose  internal  morphology 
rapidly  responds  to  the  wind,  and  the  fact  that  little  change  is 
observed  during  light  wind  conditions  implies  weak  oceano¬ 
graphic  forcing.  Observations  by  Johannessen  et  al.  [this 
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issue]  and  Manley  et  al.  [1987]  found  ocean  currents  of  ap¬ 
proximately  10  cm  s' 1  in  the  eastern  sector  during  the  experi¬ 
ment.  The  insensitivity  of  the  30%  SMMR  isopleth  to  winds 
that  would  transport  ice  to  the  south,  except  for  the  extreme 
wind  event  of  July  6  to  10,  shows  that  the  warm  water  to  the 
south  prevents  the  southerly  transport  of  ice  in  most  cases. 

The  Western  Sector 

Throughout  the  experiment,  the  ice  morphologies  in  the 
western  sector  (3°E  to  8°W)  and  their  response  to  ocean  and 
wind  forces  were  distinctly  different  from  those  in  the  eastern 
sector.  Figure  10  gives  the  time  series  of  the  SMMR  ice  con¬ 
centrations  along  the  transect  shown  in  the  June  8  SMMR 
map  in  Figure  1,  as  well  as  the  wind  stress  for  (his  sector.  In 
the  west,  the  distance  between  the  30%  and  70%  SMMR  ice 
concentration  isopleths  was  typically  twice  that  in  the  east. 
Also,  within  100  km  of  the  ice  edge,  ice  concentrations  of  90% 
or  more  rarely  occurred,  whereas  in  the  east  this  high  con¬ 
centration  always  existed  within  80  to  100  km  of  the  ice  edge. 
Another  large-scale  difference  is  that  the  entire  western  ice 
pack,  the  area  having  >50%  SMMR  ice  concentrations, 
underwent  major  changes  in  ice  concentration.  From  the  be¬ 
ginning  of  the  experiment  to  June  28,  the  interior  had  ice 
concentrations  of  80%.  From  June  28  to  July  10,  these  high 
conentrations  disappeared  and  then  reappeared. 

The  wind  forcing  in  the  west  differed  from  that  in  the  east. 
As  Figures  9  and  10  show,  the  winds  in  the  western  sector 
were  usually  more  parallel  to  the  ice  edge  and  not  as  strong  as 
the  winds  in  the  eastern  sector.  However,  these  wind  differ¬ 
ences  do  not  explain  the  different  large-scale  and  mesoscale  ice 
morphologies  which  occurred  in  each  sector:  it  is  the  differ¬ 
ence  in  ocean  circulation  that  is  responsible.  In  the  west  the 
vigorous  East  Greenland  Current  flows  south  over  the  Molloy 
Deep  and  along  the  continental  shelf  break,  rapidly  trans¬ 
porting  ice  to  the  southwest.  The  various  eddies  and  meanders 
that  result  from  this  closely  coupled  current-bathymetry 
system  dominate  in  determining  the  structures  and  variations 
of  the  ice  morphologies.  This  complex  and  rapidly  varying 
current  system,  described  by  Johannessen  et  al.  [this  issue], 
causes  the  formation  of  equally  complex  and  dynamic  ice 
structures,  as  will  be  shown  in  the  following  discussion. 

Unfortunately,  the  typical  size  of  the  ocean  eddies  in  the 
Molloy  Deep  region  (~30  km)  is  the  same  size  as  the  SMMR 
footprint:  thus  the  individual  effects  of  the  eddy  circulation  on 
the  mesoscale  ice  morphologies  are  visible  only  in  the  aircraft 
images.  Radiometric  mapping  of  this  area  started  on  June  24 
(Plate  2)  with  passive  microwave  imagers.  In  the  southwest 
corner  of  this  image  there  are  ice  plumes  and  bands  ~60  km 
from  the  main  pack,  just  east  of  the  Molloy  Deep.  The  ESMR 
image  of  June  26  shows  similar  structures,  and  the  complex  ice 
structures  associated  with  an  eddy  located  near  the  Molloy 
Deep  centered  at  79°I5’N,  PIO'E,  [ Johannessen  et  al.,  this 
issue]  and  the  plumes  and  bands  observed  in  this  area  2  days 
earlier  were  also  associated  with  this  eddy.  During  this  period 
the  winds  were  weak  and  variable,  which  allowed  the  ice  to 
follow  the  ocean  circulation. 

On  June  29  the  CV-580  obtained  the  first  mesoscale  high- 
resolution  radar  image,  covering  an  area  of  the  MIZ  just 
north  of  the  Molloy  Deep  (Figure  3a)  during  a  period  of  light 
and  variable  winds.  Numerous  large  polynyas  occurred  within 
the  pack,  from  which  several  low  ice  concentration  plumes 


extended  southward  into  the  open  sea  toward  the  Molloy 
Deep. 

On  June  30  the  CV-580,  CV-990,  and  B-17  imaged  the 
Molloy  Deep  area,  and  all  three  overlapping  mesoscale  images 
(Plate  1.  Figure  3b.  and  Figure  3c)  show  ice  structures  associ¬ 
ated  with  ocean  eddies.  An  extended  ice  plume  which  was 
advected  from  the  diffuse  ice  pack  by  the  cyclonic  circulation 
of  an  ocean  eddy  centered  at  79°!5'N,  3CE  is  clearly  shown  in 
both  the  SLAR  and  ESMR  images.  The  ESMR  image  shows 
ice  structures  indicating  smaller  eddies  centered  at  79°15'N. 
l'W  and  78°45'N,  1  W.  All  three  of  these  ice-ocean  eddies  can 
be  seen  in  great  detail  in  the  photomosaic  (Figure  6)  of  this 
area  obtained  from  the  CV-990.  Because  of  the  persistent 
cloudiness  during  the  experiment,  this  was  the  only  photomos¬ 
aic  obtained  which  covered  the  entire  mesoscale  area  viewed 
by  the  microwave  sensors.  In  the  SAR  image  (Figure  3b),  the 
bands  and  plumes  which  existed  south  of  the  diffuse  pack 
appear  to  have  been  generated  by  a  fourth  eddy  which  was 
centerd  just  out  of  the  south  image. 

The  SAR  image  acquired  during  the  light  wind  conditions 
on  July  5  (Figure  3d)  of  a  part  of  the  MIZ  southwest  of  the 
area  covered  on  June  30  shows  that  a  very  diffuse  ice  edge 
zone  some  20-30  km  wide  and  made  up  of  small  floes  ex¬ 
tended  along  the  MIZ,  and  within  this  zone  an  eddy  centered 
at  78°45'N,  2°30'W  created  many  plumes  in  a  cyclonic  rota¬ 
tion.  In  the  southwest  corner  of  this  map  there  are  plumes 
associated  with  a  second  eddy  which  appears  to  have  been 
centered  at  about  78°N,  4°W.  A  pair  of  visible  and  infrared 
images  acquired  on  July  4  from  the  NOAA  AVHRR  satellite 
(Plate  3),  covering  a  large  MIZ  area  including  that  of  the  July 
5  SAR  image  shows  the  ice  structures  and  ocean  thermal 
structures  associated  with  five  eddies.  Those  labeled  1  and  2 
are  the  same  eddies  shown  in  the  SAR  image. 

Nearly  overlapping  SAR  and  SLAR  images  of  the  Molloy 
Deep  region,  acquired  on  July  6  (Figures  4a  and  46),  show  a 
diffuse  MIZ  structure  with  many  bands  and  plumes  extending 
60  km  from  the  pack.  Where  the  images  overlap,  the  upper 
right  of  Figure  4a  and  the  lower  right  of  Figure  46,  nearly 
identical  morphologies  are  seen.  They  result  from  an  eddy 
located  just  north  of  the  Molloy  Deep,  which  can  be  seen  in 
the  NOAA  AVHRR  image  of  July  4  (Plate  3). 

On  July  7  the  passage  of  a  cyclone  east  of  Svalbard  gener¬ 
ated  strong  off-ice  winds  in  the  western  sector  that  over¬ 
whelmed  the  mesoscale  oceanic  forcing.  This  was  the  only  day 
of  the  11  days  on  which  mesoscale  observations  of  the  western 
sector  were  acquired  (June  24  to  July  16)  that  ocean  forces  did 
not  dominate  in  determining  the  ice  morphology.  These  winds, 
the  strongest  during  the  entire  experiment,  produced  the  most 
linear  MIZ  and  compact  ice  edge  observed  in  the  western 
sector  during  the  experiment  (Figure  4c),  and  Johannessen  et 
al.  [1983]  reported  a  similar  occurrence  in  this  area  during  the 
NORSEX  program.  The  mesoscale  structure  shows  an  ice 
edge  straightened  by  a  combination  of  melting  and  the  ice 
shear  of  the  ice  transport  parallel  to  the  ice  edge.  Almost  all  of 
the  eddy  signatures  which  existed  2  days  earlier  in  the  same 
area  had  disappeared,  except  for  a  semicircular  ice-free  region 
which  bounds  an  eddy  at  78°40'N,  2°W.  From  the  center  part 
of  the  map  of  the  southwest  corner,  wind  and  wave  forces 
formed  long  ice  bands  along  the  ice  edge  with  high  ice  con¬ 
centrations  (~80%)  and  composed  of  small  floes  (10-500  m) 
with  numerous  ice  streamers  trailing  from  the  edge.  These 
features  may  indicate  the  presence  of  an  ice  edge  jet,  as  was 
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observed  in  this  area  by  Johannessen  et  al.  [1983]  during 
NORSEX.  Roed  and  O'Brien  [1983]  predict  a  jet  in  these 
conditions  using  a  coupled  ice-ocean  model.  The  interior  ice 
pack  also  responded  to  this  wind  event,  the  SMMR  observa¬ 
tions,  Figures  2  and  10,  show  the  reappearance  of  80  to  90% 
ice  concentrations  in  the  western  sector. 

As  the  cyclone  moved  eastward,  the  winds  diminished  to 
moderate  levels  by  July  9.  The  relaxation  of  the  atmospheric 
forcing  once  again  allowed  the  ocean  circulation  to  determine 
the  ice  morphology.  The  mesoscale  image  of  this  day  (Figure 
4 d)  shows  that  the  linear  and  compact  ice  edge  of  2  days 
earlier  had  rapidly  diffused,  and  bands  and  plumes  associated 
with  eddies  appeared. 

From  July  10  until  the  end  of  the  experiment,  only  light 
on-ice  winds  blew  in  the  western  sector  (Figures  8  and  10). 
The  SMMR  data  (Figures  2  and  10)  and  the  SLAR  mesoscale 
maps  for  July  11,  14,  and  16  (Figures  5a,  5b,  and  5c)  show  a 
pronounced  and  continuous  decrease  in  ice  concentration  in 
both  the  MIZ  and  the  interior  ice  pack  associated  with  the 
peak  of  the  summer  melt  season.  The  mesoscale  morphologies 
on  all  3  days  were  clearly  determined  by  the  ocean  circulation. 
On  July  14,  many  bands  and  plumes  were  advected  cyclon- 
ically  around  an  eddy  centered  at  78°50'N,  1°10'W.  Ships, 
directed  to  this  eddy  as  a  result  of  this  image,  mapped  its 
three-dimensional  structure  iJohannessen  et  al.,  this  issue]. 
The  circulation  around  this  eddy  was  sufficiently  strong  to 
advect  large  multiyear  floes  out  of  the  main  pack  to  encircle  it. 
On  July  16  this  eddy  was  in  the  same  position  and  had  contin¬ 
ued  to  advect  large  amounts  of  ice  around  it.  Tracking  numer¬ 
ous  identifiable  ice  floes  in  both  the  July  14  and  16  images 
yields  mean  orbital  speeds  of  about  30  cm  s'  *.  From  oceano¬ 
graphic  measurements,  Johannessen  et  al.  [this  issue]  found 
that  the  orbital  speed  of  the  upper  50  m  of  this  eddy  was  30  to 
40  cm  s'1;  thus  the  equal  ice  and  current  speeds  show  that 
ocean  forcing  determined  these  morphologies. 

The  above  discussion  shows  that  during  MIZEX  '84  the 
mesoscale  morphologies  in  the  western  sector  were  determined 
primarily  by  ocean  circulation,  with  the  one  exception  of  July 
7  when  the  strongest  winds  of  the  experiment  occurred.  The 
ocean  forces  also  appear  to  be  dominant  in  the  determination 
of  the  large-scale  morphologies  in  this  sector.  Hakkinen  [1986, 
1987]  has  modeled  the  Fram  Strait-Greenland  Sea  area  and 
finds  that  the  ice  motion  is  governed  by  three  principal  com¬ 
ponents:  (1)  the  East  Greenland  Current  following  the  conti¬ 
nental  shelf  break  and  the  currents  associated  with  the  eddies 
generated  near  the  Molloy  Deep,  (2)  local  wind-generated  cur¬ 
rents,  and  (3)  the  direct  wind  stress  of  the  wind  on  the  ice. 
Hakkinen  finds  that  the  Coriolis  force  on  the  ice  is  small 
compared  with  the  forces  given  above.  During  periods  of  very 
low  wind  stress,  such  as  those  that  existed  during  MIZEX  '84 
on  June  22,  June  29,  and  July  S  (Figures  7  and  8),  the  model 
predicts  that  the  ice  will  follow  the  externally  generated  ocean 
flows,  i.e.,  those  in  the  Molloy  Deep  area  and  the  East  Green¬ 
land  Current.  Note  that  on  each  of  these  days,  the  large-scale 
morphologies  (Figures  1,  2, 7,  and  8)  show  large  protuberances 
in  the  Molloy  Deep  area  and  along  the  irregular  break  of  the 
continental  shelf  at  about  77°N. 

7.  Summary 

Large-scale  passive  microwave  observations  of  the  Fram 
Strait-Greenland  Sea  marginal  ice  zone  during  MIZEX  '84  by 
the  Nimbus  7  SMMR  and  simultaneous  mesoscale  passive 


and  active  microwave  observations  by  microwave  remote 
sensing  aircraft  provide  a  unique  history  of  the  complex  and 
dynamic  summer  ice  morphology.  The  emphasis  in  the  experi¬ 
ment  design  on  microwave  remote  sensing  was  well  placed, 
since  cloud  cover  over  the  MIZEX  area  was  frequent.  Indeed, 
on  only  1  day  of  the  15  days  flight  operations  occurred  was 
the  MIZEX  area  completely  cloud  free.  The  following  are  the 
key  findings  of  the  analysis  of  this  microwave  data  set  coupled 
with  MIZEX  wind  and  ocean  observations: 

1.  The  long  ( -  800  km)  ice  edge  between  northwest  Sval¬ 
bard  and  central  Greenland,  which  had  meanders  and  eddies 
repeatedly  form,  disappear,  and  reform  along  it.  moved  within 
a  narrow  zone  of  50-100  km.  while  behind  this  alternating 
diffuse  and  compact  edge  the  ice  pack  underwent  rapid,  alter¬ 
nating,  and  pronounced  variations  in  ice  concentration  over  a 
wide  zone  ( -  200  km). 

2.  A  comparison  of  aircraft  microwave  and  visual  observa¬ 
tions  with  the  SMMR  ice  concentration  distributions  indicates 
that  for  the  summer  MIZ  the  30%  SMMR  ice  concentration 
isopleth  correlates  best  with  actual  ice  edge  positions  for  dif¬ 
fuse  ice  edges,  whereas  compact  ice  edge  positions  correlate 
best  within  the  40-50%  SMMR  isopleths. 

3.  The  variations  in  mesoscale  ice  morphologies  in  re¬ 
sponse  to  wind  and  ocean  forcing  were  distinctly  different  in 
the  eastern  and  western  sectors  of  the  experiment.  In  the  east¬ 
ern  sector,  3“E  to  10°E,  over  the  Yermak  Plateau,  the  mor¬ 
phologies  were  determined  by  the  wind.  In  the  western  sector, 
3°E  to  8°W,  which  includes  the  Molloy  Deep,  the  Fram  Strait, 
and  part  of  the  Greenland  continental  shelf  break,  the  mor¬ 
phologies  were  determined  by  ocean  current  forcing,  with  the 
exception  of  July  7  wnen  the  strongest  off-ice  winds  of  the 
experiment  determined  the  morphology. 

4.  The  experimental  objective  of  locating  and  mapping  ice- 
ocean  eddies  was  achieved.  Eddies  or  parts  of  eddies  were 
observed  on  15  of  the  18  aircraft  mesoscale  microwave  flights. 
These  eddies  ranged  in  diameter  from  ~  20  km  to  ~80  km. 
The  typical  diameter  of  the  eddies  was  about  30  km. 

5.  The  large-scale  SMMR  ice  concentration  distributions 
and  the  microwave  mesoscale  ones  agree  closely.  Along  the 
transect  in  the  eastern  sector,  the  positions  of  the  SMMR  and 
aircraft  microwave  50%  ice  concentration  isopleths  agree 
within  the  range  8  km  to  20  km. 

6.  In  the  eastern  sector,  the  large-scale  ice  concentration 
distributions  underwent  pronounced  variations  in  response  to 
the  winds,  while  the  ice  edge  generally  did  not.  With  the  ex¬ 
ception  of  the  period  of  intense  melt  at  the  end  of  the  experi¬ 
ment.  off-ice  winds  caused  a  decrease  in  the  ice  concentration 
gradients  and  on-ice  winds  caused  an  increase.  The  30%  con¬ 
centration  isopleth  position  varied  only  about  20  km  in  lati¬ 
tude.  except  during  the  extreme  off-ice  winds  of  July  6-10  and 
the  following  melt  period. 

7  Considering  the  highly  dynamic  nature  of  the  MIZ  ob¬ 
served  in  the  sequence  of  microwave  mesoscale  maps,  it  ap¬ 
pears  that  a  time  span  of  2  or  more  days  between  such  obser¬ 
vations  will  result  in  an  undersampling  of  the  information 
needed  to  develop  and  test  MIZ  models.  Repetitive  mapping 
of  selected  areas  at  least  once  a  day  is  recommended  for  future 
MIZ  experiments. 
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Plate  I  [ Campbell  el  a/.].  Mesoscale  microwave  radiometric  maps  made  from  data  obtained  with  the  electrically 
scanning  microwave  radiometer  (ESMR)  on  board  the  NASA  CV-990  airborne  laboratory  for  June  9  and  30,  1984.  ESMR 
radiances  are  given  in  degrees  Kelvin  on  the  color  scale.  Approximate  inferred  ice  concentrations  are  also  shown  on  this 
scale. 
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Mesoscale  Eddies  in  the  Fram  Strait  Marginal  Ice  Zone  During  the 
1983  and  1984  Marginal  Ice  Zone  Experiments 
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During  the  summer  Marginal  Ice  Zone  Experiment  in  Fram  Strait  in  1983  and  1984.  fourteen  meso¬ 
scale  eddies,  in  both  deep  and  shallow  water,  were  studied  between  78  and  8UN.  Sampling  combined 
satellite  and  aircraft  remote  sensing  observations,  conductivity-temperature-depth  observations,  drift  of 
surface  and  subsurface  floats  and  current  meter  measurements.  Typical  scales  of  these  eddies  were  20-40 
km.  Rotation  was  matnl>  cyclonic  with  a  maximum  speed,  in  several  cases  subsurface  of  up  to  40  cm  s'  ’. 
Observations  further  suggest  that  the  eddy  lifetime  was  ai  least  20  to  30  days.  Five  generation  sources  are 
suggested  for  these  eddies.  Several  of  the  eddies  were  topographically  trapped,  while  others,  primarily 
formed  b>  combined  baroclinic  and  barotropic  instability,  moved  as  much  as  10-15  Inn  d'1  with  the 
mean  current.  The  vorticitv  balance  in  the  nontrapped  eddies  is  dominated  by  the  stretching  of  iso- 
pvcnals  accompanied  bv  a  change  in  the  radial  shear.  In  the  most  completely  observed  eddy  south  of 
79  N  the  available  potential  energy  exceeded  the  kinetic  energy  by  a  factor  of  2.  Quantitative  estimates 


suggest  that  the  abundance  of  these  eddies  enhances 


I.  Introduction 

The  marginal  ice  zone  (MIZl  is  the  transition  region  from 
open  ocean  to  pack  ice.  Here  strong  mesoscale  air-ice-ocean 
interactive  processes  occur  which  control  the  advance  and  re¬ 
treat  of  the  ice  margin.  To  gain  better  understanding  of  these 
processes,  the  1984  Marginal  Ice  Zone  Experiment  (MIZEX 
‘84|  was  carried  out  in  Fram  Strait  between  Greenland  and 
Svalbard  from  May  18  to  July  30.  1984.  following  a  prelimi¬ 
nary  summer  experiment  in  1983  [MIZEX  Group.  1986].  One 
of  the  central  objectives  of  MIZEX  is  to  understand  the  phys¬ 
ics  of  mesoscale  eddtes  and  their  importance  in  the  various 
exchange  processes  of  mass.  heat,  and  momentum  which  affect 
the  position  of  the  ice  edge. 

Major  investigations  of  mid-ocean  eddies  started  in  1973 
with  the  Mid-Ocean  Dynamics  Experiment  (MODEl  1  pro¬ 
gram  [Robinson.  1983].  Although  it  is  now  well  established 
that  eddies  are  present  in  all  the  world  oceans  with  important 
implications  for  physical,  biological,  chemical,  and  geological 
oceanography  and  acoustics  [Robinson.  1983:  Muqaard  el  al.. 
1983],  eddy  features  have  not  been  extensively  investigated  in 
the  MIZ.  To  qualitatively  demonstrate  the  effect  of  eddies  in 
the  MIZ.  a  unique  aerial  photograph  obtained  on  June  30. 
1984  is  shown  in  Plate  I.  where  the  ice  traces  the  cyclonic 
orbital  motion  of  an  eddy  at  the  ice  edge.  (Plate  I  is  shown 
here  in  black  and  white  The  color  version  can  be  found  in  the 
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the  ice  edge  melt  up  to  1-2  km  d  ' 1 . 

separate  color  section  in  this  issue.)  Such  motion  advects  large 
amounts  of  ice.  Polar  Water  (PW).  and  Atlantic  Water  |AW| 
into  closer  contact,  causing  enhanced  floe  breakup  and  ice 
melting.  While  Plate  I  shows  one  ice  edge  eddy  in  detail,  the 
National  Oceanic  and  Atmospheric  Administration  (NOAA) 
satellite  image  from  July  1.  1984  (Plate  2)  establishes  that 
eddies  and  meanders  are  the  dominant  features  along  the  ice 
edge  under  moderate  wind  conditions.  (Plate  2  is  shown  here 
in  black  and  white.  The  color  version  can  be  found  in  the 
separate  color  section  in  this  issue.)  Note  also  the  large 
number  of  eddies  in  the  ocean  off  the  ice  edge. 

Fram  Strait  is  the  region  where  almost  all  heat  anU  water 
exchange  between  the  Arctic  Ocean  and  the  Atlantic  Ocean 
takes  place  [Aaqaard  and  Greissman.  1975],  The  general  large- 
scale  ocean  circulation  in  this  region  is  dominated  by  the 
southward  flowing  cold  and  low-salinity  East  Greenland  Cur¬ 
rent  (EGC)  which  exports  ice  and  PW  out  of  the  Arctic 
Ocean,  and  the  northward  flowing  warm  and  saline  AW  in  the 
Wesi  Spitsbergen  Current  (WSC)  [Perkin  and  Lewis.  1984], 
The  West  Spitzbergen  Current  separates  into  filaments  that 
either  recirculate  in  Fram  Strait  or  advect  AW  into  the  Arctic 
(Figure  I).  The  large-scale  ocean  circulation  studied  during 
MIZEX  '84  is  reported  by  Quadfusel  ei  al.  [this  issue].  Three 
distinct  water  masses  characterize  the  upper  1000  m  in  Fram 
Strait.  Swift  and  Aaqaard  [1981]  and  Swift  [1986]  defined 
these  water  types  as  follows.  Polar  Water  (salinity  S<  34.4V. 
temperature  T  >  freezing).  Atlantic  Water  ( A  >  34.9V. 
T  >  3  Cl.  and  Arctic  Intermediate  Water  (AIW)  (34.4  <  S  < 
34.9V.  0  <  T  <  3  C).  Thermal  and  saline  ocean  fronts  and 
eddies  form  where  these  water  masses  interact. 

Fram  Strait  has  a  complicated  bathymetry,  as  is  shown  in 
Figure  1.  The  continental  shelves  of  Svalbard  and  Greenland 
border  each  side  of  the  strait.  The  Yermak  Plateau  with  a 
mean  depth  of  800  m  extends  northwestward  from  Svalbard. 
The  most  dramatic  variations  are  found  in  the  central  part  of 
Fram  Strait  where  there  are  several  deep  depressions,  such  as 
Molloy  Deep,  which  extends  to  5300  m.  while  seamounts  and 
ridges  rise  steeply  to  about  1500  m  below  the  surface. 

Previous  investigation  in  Fram  Strait  have  revealed  that 
mesoscale  eddies  are  present  along  the  ice  edge  [Johamiessm 
ei  al..  1983:  Wadhams  and  Squire.  1983.  Vin/e.  1977],  The 
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Plate  I.  Aerial  photograph  of  the  20-  (o  40-km  ice  edge  eddy  El 
centered  at  79  N.  2  30'W  taken  from  the  CV  580  on  June  30.  1984. 
(The  color  version  of  this  figure  can  be  found  in  the  separate  color 
section  in  this  issue.) 

scales  of  these  eddies  ranged  from  5-15  km  north  of  Svalbard 
to  50-60  km  for  the  Molloy  Deep  eddy  in  the  central  part  of 
Fram  Strait.  The  generation  mechanisms  which  have  been 
suggested  for  these  eddies  are  summarized  in  Table  1,  together 
with  horizontal  and  vertical  eddy  scales,  estimated  or  mea¬ 
sured  orbital  speed,  and  eddy  propagation  speed.  The  mecha¬ 
nisms  include  barotropic  and  baroclinic  instability,  topo¬ 
graphic  trapping,  differential  Ekman  pumping  along  the  ice 
edge,  and  ice  edge  instability  driven  by  internal  ice  dynamics. 
The  topographyically  controlled  eddy  over  Molloy  Deep  has 
also  been  simulated  in  a  numerical  model  [Smith  et  al.,  1984], 
while  upper  ocean  eddies  along  the  ice  edge  with  scales  of 
20-40  km  are  generated  by  differential  Ekman  pumping  in  a 
numerical  model  by  Hdkkinen  [1986].  Moreover,  the  internal 


ice  stress  can  also  generate  instability  of  an  infinite  sea  ice 
front  overlying  a  passive  ocean  as  modeled  by  KilUorth  and 
Paldor  [1985]. 

MIZEX  ‘83  and  MIZEX  ‘84  used  a  variety  of  observational 
techniques  to  study  open  ocean  eddies,  eddies  at  the  ice  edge, 
and  eddies  beneath  the  ice.  These  techniques  include  satellite 
and  aircraft  remote  sensing,  standard  conductivity- 
temperature-depth  (CTD)  sections  from  ships  and  helicopters, 
the  drift  of  surface  and  subsurface  floats,  current  meter 
measurements,  and  Cyclesonde  measurements  [M IZEX 
Group.  1986].  The  combination  of  all  of  these  data  sources 
provides  a  detailed  picture  of  eddies  in  the  M1Z.  This  study 
describes  first  the  eddies  south  of  79  N,  then  the  eddies  in  the 
central  part  of  Fram  Strait  between  79  and  80  N,  followed  by 
the  eddies  north  of  80  N.  and  concludes  with  a  discussion  of 
eddy  sources,  vorticity,  energy,  and  eddy-induced  ablation  and 
ice  edge  retreat  in  the  MIZ.  In  all.  14  eddies.  El  to  E14.  are 
discussed  in  the  following. 

2.  Description  of  the  Eddy  Data 

The  ice-ocean  eddy  program  was  carried  out  along  the  ice 
edge  from  81=N,  north  of  Svalbard,  to  78CN.  We  will  describe 
the  eddy  observations  in  three  sequences;  south  of  79  N,  be¬ 
tween  79°  and  80“  N,  and  north  of  80'  N. 

2.1.  South  of  79°  N 

This  program  lasted  from  July  4  to  15,  1984,  with  the  re¬ 
search  vessel  Hdkon  Mosby  covering  the  open  water  part  of 
the  eddy  region  and  the  research  vessel  Kvitbjorn  covering  the 
ice  part,  in  conjunction  with  repeated  remote  sensing  aircraft 
overflights.  Figure  2 a  shows  the  passage  of  three  low-pressure 
systems  through  Fram  Strait  with  maximum  winds  up  to  20  m 
s'1,  and  Figure  2b  shows  the  associated  ship-measured  wind 
conditions  from  June  15  to  July  15.  The  mean  ice  edge  is  also 
superimposed  on  the  weather  maps  and  indicates  that  along 


Plate  2.  NOAA  satellite  AVHRR  image  (combined  IR  and  visual)  from  July  I.  1984.  (The  color  version  and  a  complete 
description  of  this  figure  can  be  found  in  the  separate  color  section  in  this  issue.) 
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Fig.  1.  Fram  Strait  bathymetry  (depth  in  hundreds  of  meters),  mean  summer  ice  edge  (hatched)  and  general  upper 
ocean  circulation  (solid  arrows  indicate  flow  of  Atlantic  Water,  open  arrows  indicate  ice  drift  and  flow  of  Polar  Water). 
The  main  experimental  site  is  located  within  the  marked  box. 


ice  edge  winds  with  the  ice  to  the  right  (looking  downwind) 
often  occur  during  the  passage  of  low-pressure  systems. 

A  total  of  250  conductivity-temperature-depth  (CTD)  sta¬ 
tions  were  obtained  from  the  two  ships,  with  typical  station 
spacing  of  4  km  and  a  sampling  depth  of  500  m  (Figure  3). 
Furthermore,  the  research  vessel  Polarstern  carried  out  a  west- 
east  section  and  a  north-south  section  to  the  bottom  through 
the  region  on  July  7-8  and  July  16,  1984,  respectively,  while 
R/V  Kvitbjarn  later  repeated  the  two  sections  on  July  21-22, 
(Figure  3). 

The  eddy  features,  E1-E4,  to  be  discussed  are  shown  in  the 
sequence  of  satellite  and  aircraft  remote  sensing  images  ob¬ 


tained  between  June  26  and  July  14.  1984  (Plates  3a  and  36). 
(Plate  3a  is  shown  here  in  black  and  white.  The  color  version 
can  be  found  in  the  separate  color  section  in  this  issue.)  On 
June  26  the  ice  edge  eddy  El  started  to  form  at  approximately 
79°15'N  and  1°30'W  (Plate  3a)  and  was  fully  developed  on 
June  29  with  a  scale  of  20-40  km  centered  at  about  79“  N  and 
2°15'W.  This  suggests  a  spinup  time  of  about  3  days  for  the 
upper  layer  which  contains  PW  and  ice.  During  these  3  days 
the  mean  southward  propagation  of  the  eddy  deduced  from 
these  images  was  10  km  d'1  (I  kind'1  «  I  cm  s'1).  When 
this  eddy  was  first  observed,  the  wind  was  along  the  ice  edge 
from  the  northeast  20  m  s'1,  later  decreasing  in  speed  and 


TABLE  1.  Generation  Mechanisms  for  Meso scale  Eddies  in  the  Fram  Strait,  in  Addition  to  Some 

Eddy  Characteristics 


Generation  Mechanism 

Horizontal 

Scale, 

km 

Vertical 

Scale, 

m 

Orbital 
Speed, 
cm  s' 1 

Propagation 

Barotropic  instability,  Norsex  "79 
[Johannessen  et  al.,  1983] 

Molloy  Deep  Eddy 

5-15 

<200 

$-20 

10  cm  s' 1 

Baroclinic  instability,  Ymer  80 

[  Wadhams  and  Squire,  1983] 

60 

>600 

7-16 

negligible 

Topographic  controlled, 

MIZEX  '83  [Johannessen  et  al., 
1984] 

50-60 

>2000 

15-25 

stationary 

Topographic  controlled. 

Numerical  model 
[Smith  et  al.,  1984] 

60-80 

3500 

50 

stationary 

Hdkkinen  [1986] 

Klllworth  and  Paldor  [1985] 

10-40 

20-50 

<100 

no  ocean 

nonlinear  advection 
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Fig.  2a.  Pressure  maps  on  June  20  and  23  and  July  3  and  7,  1984  (values  in  millibars,  two  last  digits).  The  hatched  line 

indicates  mean  ice  edge. 


backing  to  the  north.  From  June  29,  to  July  1,  El  moved 
slowly  southwards  towards  78°50'N  and  2°W,  while  the  ap¬ 
parent  motion  between  July  1  and  4  was  slowly  eastward.  In 
all,  the  propagation  of  El  is  controlled  mainly  by  the  back¬ 
ground  motion,  since  the  self-propagation  of  eddies  at  high 
latitudes  is  negligible  [ Johannessen  et  ai„  1983].  In  contrast, 
two  large  ice  floes  were  recognized  about  13  km  to  the  west  of 
this  eddy  with  a  mean  southward  drift  of  30  cm  s~ 1  between 
June  26  and  July  4. 

The  spinup  of  a  second  eddy,  E2,  30  km  southwest  of  El 
occurred  between  July  1  and  4.  In  this  period,  intensification 
of  the  high  pressure  Figures  2 a  and  2b  led  to  north  to  north¬ 
east  winds  reaching  12  m  s' *.  The  July  4 IR  image  also  shows 
the  presence  of  the  eddy  features  E3  and  E4  in  the  AW  just  off 
the  ice  edge. 

The  synthetic  aperture  radar  (SAR)  mosaic  obtained  on  July 
3  (Plate  3b)  as  well  as  the  aircraft  photo  obtained  on  June  30 
(Plate  1)  clearly  revealed  the  detailed  surface  stucture  of  the 
elliptically  shaped  eddy  El  with  dimensions  of  20-40  km. 
Since  the  wind  conditions  during  these  2  days  were  relatively 
calm,  and  the  ice  concentration  in  the  eddy  was  low  (less  than 


30%),  implying  negligible  internal  ice  stress  [Reed  and 
O'Brien,  1983],  the  ice  mirrors  the  upper  ocean  circulation. 
The  orbital  motion,  at  least  in  the  surface  layer,  is  cyclonic, 
while  the  pattern  of  spiraling  lines  of  ice  toward  the  center 
implies  that  ageostrophk  effects  are  important.  The  primary 
effect  is  assumed  to  be  associated  with  frictionally  driven 
inward  radial  motion  and  convergence  in  the  surface  layer. 
However,  the  effect  of  surface  tilt  may  also  lead  to  inward 
radial  motion. 

In  contrast  to  the  SAR  mosaic  on  July  3,  the  July  7  mosaic 
reflects  the  ice  configuration  influenced  by  2  days  of  strong 
northerly  winds  of  up  to  15  ms"1.  This  wind  event  erased  the 
clear  ice  convergence  signature  within  the  eddy  but  did  not 
completely  erase  the  ice  boundary  signature,  demonstrating 
that  imaging  radars  can  observe  ice-ocean  eddies  even  under 
high  wind  conditions.  Prevailing  northerly  winds  of  5  m  s'* 
on  July  8  and  9  again  allowed  the  ice  to  reflect  the  upper 
ocean  current,  as  can  be  seen  in  the  SAR  mosaic  obtained  on 
July  9.  The  center  position  of  this  eddy  is  almost  the  same  as 
that  observed  on  July  3.  There  also  appears  to  be  another 
eddy  present  in  the  northeast  corner  of  this  mosaic,  which  is 
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Fig.  2b.  Wind  observations  (30-min  averages)  obtained  from  R/V  Hikon  Me -by  between  June  15  and  July  15  1984. 

the  eddy  E4  in  Plate  3a.  The  winds  of  less  than  8  m  s_l  from  derived  from  the  star  pattern  CTD  sections  (Figure  3)  ob- 

July  12-14  again  allowed  El  to  be  seen  in  the  July  14  side-  tained  during  the  period  July  10-14,  1984,  shows  the  complex 

looking  airborne  radar  (SLAR)  mosaic  (Plate  3b).  subsurface  structure  of  eddies  El  and  E3.  (Plate  4  is  shown 

The  three-dimensional  temperature  composite  (Plate  4)  here  in  black  and  white.  The  color  version  can  be  found  in  the 
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Fig.  3.  CTD  sution  map  from  July  4  to  14,  1984,  giving  start  and  end  station  numbers  for  eacb  CTD  section  together 

with  bathymetry  (contour  interval  of  200  m). 
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Piste  3a 

Plate  3.  Sequence  of  NOAA  satellite  visual  and  IR  images  on  June  26,  June  29,  July  1,  and  July  4;  aircraft  SAR 
mosaics  on  July  S,  7,  and  9;  and  SLAR  mosaic  on  July  14.  Eddy  features  labeled  E1-E4  are  discussed  in  the  text.  (The 
color  version  of  this  figure  can  be  found  in  the  separate  color  section  in  this  issue.) 


separate  color  section  in  this  issue.)  The  structure  of  E3,  docu¬ 
mented  by  CTD  stations,  included  in  the  three-dimensional 
composite  in  Plate  4,  shows  a  vertical  doming  of  about  300  m 
with  cyclonic  rotation.  Repetitive  CTDs  through  the  eddy 
center  of  El  over  this  5-day  period,  showed  that  the  eddy 
remained  stationary,  verifying  the  synoptic  representation  of 
Plate  4.  The  blue  color  in  the  upper  layer  represents  the  PW 
with  temperature  less  than  2°C,  while  the  red  color  is  AW 
with  temperature  above  4°C.  Ice  is  shown  by  the  white  spots, 
while  the  blue  color  in  the  interior  represents  water  temper¬ 
ature  below  2°C.  The  mean  movement  of  the  ice  and  PW  is 
indicated  by  arrows  which  show  the  westward  drift  in  the 
northern  domain  and  the  sudden  cyclonic  turn  southward  at 
the  edge  of  the  EGC.  Similarly,  the  mean  drift  of  the  AW  is 
shown  by  arrows.  Significant  dome  structure  appeared  be¬ 


neath  the  surface  layer  of  the  eddies.  This  indicates  that  the 
vertical  depth  of  the  eddies  exceeds  500  m.  The  winds  during 
this  period  were  consistently  southwest  at  S-10  m  s'  *,  with  no 
major  influence  on  the  structure  of  the  eddies.  A  section  ob¬ 
tained  on  July  16,  1984  by  R/V  Potto-stem  showed  that  the 
eddy  density  anomaly  disappeared  below  1000  m. 

A  more  detailed  view  of  the  structures  of  El  and  E3  can  be 
seen  in  the  east-west  and  north-south  CTD  sections  shown  in 
Figures  4a-4d.  The  east-west  section  (Figure  4a)  shows  warm 
AW  (>4.5°C)  extending  from  a  core  depth  of  50  m  to  the 
surface  centered  above  the  interior  dome  structure.  The  north- 
south  section  (Figures  4b  and  4rf)  shows  similar  interior  dome 
structure  in  the  vicinity  of  the  eddy  center  with  the  main  core 
of  AW  located  above.  However,  the  surface  manifestation  is 
weaker,  with  temperature  below  3.5°C. 
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In  addition  to  the  central  core  of  AW  located  near  the  eddy 
center,  a  filament  of  AW  is  located  to  the  west  of  the  eddy 
center  at  a  depth  of  SO  m  (Figure  4a,  at  station  224),  and  to 
the  north  of  the  eddy  center  at  a  depth  of  60  m  (Figure  4b,  at 
station  249)  on  July  13.  This  filament  acts  as  a  tracer.  It  was 
first  observed  30  km  northeast  of  the  eddy  center  on  July  1 1, 
with  a  width  of  about  10  km  at  a  mean  depth  of  SO  m.  It  was 
also  found  in  the  section  obtained  on  July  14,  at  a  mean  depth 
of  30  m,  about  20  km  northwest  of  the  eddy  center.  This 
filament  displayed  a  cyclonic  motion  around  the  eddy  center, 
and  if  it  is  continuous,  the  calculated  orbital  speed  is  about 
50-70  cm  s'1,  which  is  higher  than  the  direct  current 
m*2!’jrements  Helow. 

The  velocity  field  was  derived  by  drifting  Argos  buoys,  one 
of  which  had  current  meters  suspended  below  it.  The  drift 
pattern  of  Argos  buoy  5062  deployed  on  an  ice  floe  in  the 
eddy  El  on  July  9  is  shown  in  Figure  5  together  with  absolute 
current  vectors  at  5.  10,  and  50  m.  During  July  10  the  ice  floe 


and  the  buoy  were  forced  by  the  wind  from  southwest  across 
the  warm  core  of  the  cydonically  turning  AW  which  had 
maximum  velocities  at  50  m  of  more  than  40  cm  s'1.  After 
going  through  some  small-scale  anticyclonic  rotation,  perhaps 
associated  with  eddy-eddy  interaction,  the  buoy  enters  the 
strong  southward  current  associated  with  the  eddy  E4  on  July 
11.  Early  on  July  12  the  northern  current  weakens  and  turns 
cyclonically  to  flow  east-northeast  in  agreement  with  the  sur¬ 
face  structure  of  E4  seen  in  the  remote  sensing  images  (Plates 
3a  and  36).  There  was  no  dramatic  change  in  the  magnitude  of 
the  current  vectors  during  the  4-day  period,  which  suggests 
that  the  eddy  orbital  speed  in  El  and  E4  is  similar  for  the 
upper  50  m,  of  the  order  of  30-40  cm  s'  *. 

The  observed  vertical  shear  exhibits  a  weak  increase  of  10' 3 
s '  1  in  the  upper  50  m  (Figure  5)  in  agreement  with  subsurface 
maximum  seen  in  the  geostrophic  flow  calculations  with  level 
of  no  motion  at  500  m  (Figure  6).  The  subsurface  maxima  of 
20  cm  s' 1  present  in  El,  result  from  the  reversal  of  the  slope 
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Plate  4.  Three-dimensional  temperature  composite  of  El  and  E3. 
Arrows  indicate  the  motions  of  the  ice.  Polar  Water,  and  Atlantic 
Water.  (The  color  version  of  this  figure  can  be  found  in  the  separate 
color  section  in  this  issue.) 


of  the  isopycnals  in  the  upper  layer  (Figures  4c  and  44).  This 
maximum  suggests  that  the  barotropic  speed  in  El  (and  E4)  is 
10-20  cm  s' '.  On  the  other  hand,  the  vertical  shear  was  of  the 
order  of  10"3  s'1,  in  agreement  with  that  obtained  from  the 
current  meters.  Furthermore,  the  northern  part  of  the  open 
ocean  eddy  E3  has  a  surface  maximum  speed  of  about  25  cm 
s' 1  at  station  424  (Figure  6),  while  the  horizontal  and  vertical 
shear  are  of  the  same  magnitudes  as  for  El. 

The  trajectory  of  buoy  5071  from  July  9-11  (Figure  5),  de¬ 
ployed  in  open  water  in  the  vicinity  of  the  eddy  E4  with  a  3  m 
by  3  m  sail  centered  at  10  m,  similarly  displays  the  orbital 
motion  associated  with  the  cyclonic  eddy  E4.  The  estimated 
speed  of  this  buoy  was  30  cm  s'  \  in  agreement  with  the  later 
observation  on  July  12  by  the  current  meter  suspended  from 
buoy  5062.  The  geostrophic  calculations  with  level  of  no 
motion  near  the  bottom  at  2500  m  using  the  July  16  north- 
south  R/V  Polarstern  CTD  section  gave  maximum  cyclonic 
orbital  speed  at  the  surface  of  35  cm  s  ~ 1  in  E4  in  good  agree¬ 
ment  with  the  buoy  drift  speed.  Moreover,  the  vertical  shear 
was  mainly  confined  to  the  upper  500  m. 

The  drift  of  buoy  5090  located  in  open  water  without  sail  is 
shown  in  Figure  5  together  with  the  SLAR  mosaic  obtained 
on  July  16.  From  July  10  to  15  the  buoy  drifted  around  the 
periphery  of  El  and  E4;  subsequently,  it  was  caught  in  the 


cyclonic  rotation  of  El.  with  a  radius  of  about  20  km  and  an 
orbital  speed  of  30  cm  s'1.  After  July  18  the  buoy  continued 
its  orbital  motion  with  a  period  of  2.5  to  3.5  days,  while  being 
advected  in  the  mean  southward  flow  of  the  same  magnitude 
as  the  eddy  orbital  speed,  implying  that  the  eddy  E 1  started  to 
propagate  after  July  15.  After  July  29,  south  of  78“N  the  buoy 
accelerated  and  made  two  open  loops  before  the  eddy  signal 
in  the  drift  path  disappeared.  This  indicates  an  eddy  lifetime  in 
the  surface  layer  of  at  least  20-30  days  (the  subsurface  eddy 
signature  may  persist  longer)  with  a  mean  motion  of  IS 
km/d  '  ’. 

2.2.  Between  79  and  80' N 

In  the  central  part  of  Fram  Strait  the  complex  bathymetry, 
including  Molloy  Deep,  affects  the  barotropic  component  of 
the  ocean  circulation.  The  cyclonic  recirculation  of  the  AW 
(E5)  is  coupled  to  this  complex  bathymetry.  The  idea  that  the 
positive  relative  vorticity  is  further  enhanced  by  the  deepening 
of  the  AW  core  as  if  flows  underneath  the  PW  addes  new 
insight  into  the  recirculation  of  AW.  A  schematic  of  this  AW 
recirculation  is  shown  in  Figure  7,  together  with  the  bathy¬ 
metry,  location  of  a  north-south  CTD  section,  and  trajectories 
of  drifting  buoys.  The  AW  deepens  and  turns  westward  near 
80°N  following  the  isobaths  and  continues  southward  where  a 
branch  separates  eastwards,  thus  completing  a  large  cyclonic 
turn  in  the  southern  part  of  Molloy  Deep.  This  is  the  area 
where  a  major  ice  tongue  is  often  observed  in  advanced  very 
high  resolution  radiometer  (AVHRR)  and  passive  microwave 
images  (Plate  2)  indicating  that  the  recirculated  AW  drags  on 
the  PW  and  ice  to  the  east.  The  mesoscale  eddies  in  this  area 
are  influenced  not  only  by  the  regional  circulation  but  also  by 
the  complex  mesoscale  bathymetry. 

The  north-south  CTD  section  (Figure  8)  from  July  1-2, 
1984,  shows  the  temperature  (left)  and  density  (right)  structure 
to  the  bottom  across  the  central  Fram  Strait.  The  regional 
recirculation  as  schematically  shown  in  Figure  7  is  clearly 
documented  by  the  core  of  warm  AW  at  both  ends  of  the 
section.  Also  seen  is  the  thin  lens  (25  m  deep)  of  light  trapped 
PW  at  the  surface  (Figure  8,  top  right).  In  the  interior  the 
deepening  of  the  isopycnals  centered  at  stations  262,  268,  and 
273  is  associated  with  the  topographic  depressions,  while  the 
doming  of  the  isopycnals  centered  at  station  267  and  271  is 
associated  with  the  topographic  highs.  Assuming  weak  in¬ 
creasing  velocity  with  depth,  this  may  indicate  that  there  are 
three  cyclonic  eddies  (E6,  E8.  and  E10)  and  two  anticydonic 
eddies  (E7  and  E9)  which  are  topographically  controlled  in 
agreement  with  conservation  of  potential  vorticity  on  an  / 
plane  (Figure  8,  bottom  right).  E6  is  the  Molloy  Deep  eddy 
observed  by  Johannessen  et  al.  [1984]  and  modeled  by  Smith 
et  al.  [1984].  The  lack  of  coupling  in  the  upper  25  m  (Figure  8) 
probably  results  from  wind  forcing  and  stratification. 

The  cold  subsurface  core  at  station  264  of  PW  possibly 
results  from  the  anticydonic  drculation  indicated  by  the  split¬ 
ting  of  the  ice  tongue,  seen  in  aircraft  microwave  observations 
made  in  1983-1984.  This  anticydonic  turn  was  also  recog¬ 
nized  in  the  Argos  buoy  trajectories.  It  may  result  from  the 
sharp  curvature  of  the  isobaths  which  the  east -southeastward 
flow  cannot  follow.  Instead,  it  is  forced  upward  by  the  trough, 
creating  negative  vortidty  resulting  in  anticydonic  motion. 
The  westward  flow  of  recirculated  AW  directly  to  the  south  of 
this  ice  tongue  is  another  source  for  this  negative  vorticity. 

In  1983,  two  buoys  (T7  and  T8)  suspended  with  current 
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Fig.  4.  (a.  b )  Temperature  and  (c,  <f)  density  structure  from  CTD  stations  219-237  and  from  stations  421-427  and 
240-250  indicated  at  the  top  of  the  sections.  Water  temperature  of  4°C  or  more  is  shaded. 


meters  at  2,  10,  20,  40,  and  200  m  were  deployed  on  ice  floes  sociated  with  E5.  The  float  at  250  m  located  in  the  vicinity  of 

west  of  Molloy  Deep  (Figure  7).  Direct  current  measurements  the  large  seamount  north  of  Molloy  Deep  made,  as  was  ex- 

from  the  es  rn  buoy  T7  gave  a  speed  of  20  cm  s'1  with  peeled,  an  anticyclonic  turn  with  an  average  speed  of  5  cm 

negligible  ve-tical  shear.  In  comparison,  the  calculated  geo-  s' *.  However,  the  turn  graduaiy  weakens  and  shifts  toward  a 

strophic  sr-.ed  in  the  region  with  level  of  no  motion  at  the  cyclonic  turn  as  the  float  is  advected  across  deepening  iso¬ 
surface  i.  .-eased  to  15  cm  s'*  at  500  m  with  weak  shear  in  baths.  The  increasing  speed  with  depth  as  well  as  the  drift 

the  first  200  m.  This  may  indicate  that  the  orbital  speed  in  the  trajectories  relative  to  the  bathymetry  support  the  above 

eddy  E6  was  about  35  cm  s'1  at  500  m,  with  near-equal  thesis  of  bathymetric  steering.  In  comparison,  the  geostrophic 

magnitude  of  the  baroclinic  and  barotropic  flow  components.  speed  above  750  m  (level  of  no  motion  at  the  surface)  were 
In  1984,  two  SOFAR  floats  (S2  and  S7),  at  250  m  and  725  below  5  cm  s" 1  at  the  crossover  points  (Figures  7  and  8). 

m  showed  the  combined  effects  of  mesoscale  and  regional  flow  Assuming  minor  time  variations  in  the  eddy  orbital  speed 

(Figure  7).  The  float  at  725  m  followed  the  isobath  in  the  from  the  SOFAR  float  measurements  to  the  CTD-inferred 

southern  part  of  Molloy  Deep  with  a  mean  speed  of  10  cm  geostrophic  speed  estimates,  the  results  again  suggest  near- 

s  \  On  the  eastward  side,  the  float  drifted  northward  out  of  equal  magnitude  of  the  baroclinic  and  barotropic  flow  compo- 

the  deep,  probably  caught  in  the  regional  AW  circulation  as-  nents  at  750  m. 
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Fig.  5.  (a)  Schematic  interpretations  of  the  July  9  SAR  and  the 
July  14  and  16  SLAR  mosaics.  The  main  ioe  edge  is  hatched,  and  the 
dotted  regions  indicate  areas  with  small  floes.  The  trajectories  of 
Argos  buoy  5071  (solid  dots),  buoy  5062  (solid  squares),  and  buoy 
5090  (solid  dots)  are  shown.  Arrows  indicate  geostrophic  flow  of  AW 
(open)  and  ice  and  PW  (solid),  (b)  Absolute  current  measurements. 


SOUTH  NORTH 


GEOSTROPHIC  SPEED  (cm/t) 

Fig.  6.  Geostrophic  speed  (centimeters  per  second)  from  CTD 
stations  421-427  and  240-250  indicated  at  the  top  of  the  section. 
Westward  speed  is  shown  by  solid  lines. 

2.3.  North  of  80PN 

In  addition  to  the  influence  of  the  complex  bathymetry  on 
the  deep  water  circulation  between  79° N  and  80°N.  evidence 
of  bathymetric  steering  and  trapping  on  the  shallower  (800  m) 
Yermak  Plateau  north  of  80°N  is  indicated  in  Figure  9.  Analy¬ 
sis  of  float  trajectories  north  of  80°15'N  shows  three  distinct 
patterns  of  movement  (Figure  9)  which  were  related  to  bottom 
topography.  The  first  pattern  exhibited  by  SOFAR  floats  (NI, 
N4,  and  N9)  located  between  100  m  and  250  m  on  the 
Yermak  Plateau  reflects  bottom-trapped  motion.  One  of  these 
floats  (N4)  displayed  cyclonic  motion  for  almost  30  days  over 
or  in  close  proximity  to  a  bathymetric  high  of  about  300  m 
above  the  surrounding  depths,  indicating  trapping  of  El  l.  The 
two  other  floats  appeared  to  be  located  within  an  intervening 
800-m-deep  saddle  and  cycled  between  two  local  highs,  indi¬ 
cating  weak  mean  advection  and  vorticity  below  100  m.  The 
cyclonic  motion  therefore  disagrees  with  the  expected  anti- 
cyclonic  motion  over  topographic  highs  obtained  through 
conservation  of  potential  vorticity. 

N8  defines  a  trajectory  possessing  more  steady  drift  to  the 
north  with  the  branch  of  AW  entering  the  Arctic  along  the 
slope  of  the  Yermak  Plateau.  Small  east-west  oscillations  (at 
tidal  frequencies)  are  very  common  and  may  become  large 
enough  to  shift  a  float  into  the  region  of  trapped  motion  over 
the  Yermak  Plateau. 

Further  west,  larger  meandering  patterns  are  observed 
(Plate  5a).  (Plate  5  is  shown  here  in  black  and  white.  The  color 
version  can  be  found  in  the  separate  color  section  in  this 
issue.)  The  SOFAR  float  trajectories  within  this  region  (N2, 
N7,  and  partly  N10)  suggest  that  the  larger-scaie  meandering 
was  associated  with  current  shear  and  is  consistent  with  CTD 
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Fig.  7.  Schematic  of  the  recirculation  of  AW  (E5)  together  with  the  bathymetry  (depth  in  hundreds  of  meters),  buoy 
trajectories  and  one  CTD  section  (stippled).  Numbers  within  the  arrows  indicate  depth  of  Atlantic  Water  (temperature  of 
4°C  or  more).  Depressions  and  seamounts  are  shown  by  heavy  and  light  dotted  areas,  respectively. 


observations  and  calculated  dynamic  height,  which  showed  a  with  level  of  no  motion  at  the  surface  are  shown  in  Figures 
nearly  occluded  meander.  The  meander  core  was  AW.  This  10c- l<y.  The  2.5°C  isotherm  rises  abruptly  from  an  undis- 

meander  later  evolved  to  form  a  cyclonic  eddy  (E12)  as  can  be  turbed  mean  depth  of  250  m  to  nearly  50  m  in  the  eddy  center, 

seen  in  the  closed  loop  patterns  of  the  two  floats  and  in  data  leading  to  a  separation  of  the  AW  into  a  core  on  each  side.  In 
from  independently  drifting  Cyclesondes  (Plates  5 b  and  5c)  contrast,  the  34.9%o  isohaline  is  depressed  from  a  depth  of  75 
that  bounded  the  feature  over  a  2-week  period  starting  July  1  m  at  the  rim  of  the  eddy  to  125  m  in  the  center. 

[Manley  et  al.,  1986],  Ice  kinematic  studies  from  SAR  mosaics  ln  the  surface  layer  a  lens  of  cold  (<2.5CC)  and  fresh 
[Shuchman  et  al.,  1986,  also  unpublished  manuscript,  1986]  ( <  34.4%o)  PW  with  a  thickness  of  25  m  and  a  width  of  10  km 

also  showed  consistent  cyclonic  ice  motion  directly  above  this  indicates  inward  radial  motion  and  convergence  as  a  result  of 

feature.  The  surface  drift  pattern  of  two  Argos  buoys  deployed  friction  between  the  eddy  and  the  overlying  ice  and  PW.  The 
on  ice  floes  confirmed  the  presence  of  the  cyclonic  eddy  with  corresponding  density  structure  (Figure  lOe)  shows  a  depres- 
an  average  orbital  speed  of  the  order  of  10  cm  s  '.  sion  of  the  upper  layer  isopycnals  with  reversing  isopycnal 

The  temperature  and  salinity  transect  of  this  feature  (Plates  slope  below  approximately  125  m.  Thus  the  geostrophic  flow 

5b  and  5c)  with  a  horizontal  resolution  of  one  profile  every  30  shows  cyclonic  orbital  motion  with  subsurface  maximum  of  20 
min  was  obtained  by  the  southward  drifting  Cyclesorde  as  it  cm  s  '  at  125  m,  located  roughly  5  km  off  the  eddy  center, 

passed  near  the  meander  core  of  AW  (Plate  5a).  The  position  Except  for  the  horizontal  scale  of  this  eddy  feature,  the  surface 

of  the  meander  was  also  found  to  coincide  with  a  spur/trough  lens  structure  located  over  the  interior  dome  is  in  basic  agree- 
topographic  feature  of  similar  spatial  scale  on  the  western  ment  with  the  eddy  structure  frequently  observed  south  of 

flank  of  the  Yermak  Plateau  (Figure  9)  and  may  suggest  fur-  79  N.  The  structure  and  behavior  of  this  eddy  feature  lead  us 

ther  involvement  of  bottom  topography  in  the  mesoscale  cy-  to  believe  that  this  is  an  eddy  in  the  AW  advectcd  northward 

clonic  eddy  circulation  in  El 2.  with  the  WSC,  which  encountered  the  ice  edge.  leading  to 

Off  the  ice  edge  a  mesoscale  eddy  (El 3)  having  a  diameter  eddy-ice  edge  interaction  as  is  shown  schematically  in  Figure 
of  15-20  km  was  mapped  by  R/V  Hdkon  Mosby  over  a  10-day  1 1. 

period  from  June  18  to  29,  1984  (Figures  lOo-lOf).  For  the  From  the  first  observation  of  the  feature  on  June  18  at  the 
first  3  days  of  this  period  a  strong,  persistent  northeasterly  ice  edge  until  June  26,  the  eddy  center  moved  into  the  open 

wind  of  10-15  m  s'1  blew  almost  parallel  to  the  ice  edge  with  ocean  at  5  km  d'1  in  an  easterly  direction.  Ice  and  PW 

the  ice  to  the  right.  The  circular  structure  of  the  eddy  is  clearly  trapped  in  the  eddy  during  the  eddy-ice  interaction  phase  were 
evident  in  the  depth  variations  of  the  2.5°C  isotherm  and  35%a  consequently  transported  into  warmer  water  by  the  eddy 
isohaline  (Figures  10a  and  106).  Vertical  east-west  cross  sec-  propagation.  In  contrast  to  the  weak  eddy  movement,  the  ice 
tions  of  temperature,  salinity,  density,  and  geostrophic  speed  edge  retreated  50  km  northward  over  a  4-day  period  owing  to 
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South  North  South  North 


Fig.  8.  (left)  Temperature  and  (right)  density  structure  from  CTD  stations  (stippled  CTD  section  in  Figure  7)  263-274 
indicated  at  the  top  of  the  section.  The  vertical  scale  of  the  upper  100  m  is  stretched. 


strong  southerly  winds  of  15  m  s' 1  beginning  on  June  24. 
From  June  26  to  29  the  eddy  center  moved  eastward  at  1  km 
d~  After  this  period  no  evidence  of  the  eddy  feature  was 
found,  indicating  a  decay  time  of  10  days. 

Exploratory  eddy  mapping  between  June  27  and  29,  1984 
using  helicopter  CTD  casts  below  the  interior  ice  on  the  east 
Greenland  slope  region  showed  a  cyclonic  eddy  E14  (Figures 
12a  and  1 2b).  This  eddy  with  a  geostrophic  speed  of  15-20  cm 
s' 1  and  a  scale  of  20-30  km  was  located  directly  south  of  the 
Ob  bank,  as  is  shown  in  the  dynamic  height  contours  (Figure 
12a).  In  comparison,  the  vertical  cross  section  of  temperature, 
salinity,  and  density  show  an  eddy  about  200  m  deep,  and 
with  a  core  more  saline  and  denser  (0.78  a,  units)  than  the 
surrounding  water  (Figure  126). 

3.  Discussion 

In  this  section  the  sources  and  characteristics  of  the  14 
eddies  (E1-E14)  identified  in  Fram  Strait  between  78°N  and 


81°N  during  MIZEX  ’83  and  MIZEX  ’84  are  discussed.  Then 
the  vorticity  balance  and  energetics  for  a  few  selected  eddies 
are  analyzed.  Finally,  the  importance  of  eddy-induced  ab¬ 
lation  for  ice  melt  and  retreat  is  quantified. 

3.1.  Eddy  Sources 

The  general  oceanographic  and  meteorological  conditions 
in  Fram  Strait  allow  several  eddy  sources  to  be  present  on  a 
near-permanent  basis.  For  7  of  the  14  eddies,  generation  by  a 
mixture  of  several  sources  is  suggested.  The  generation  of  the 
others  is  explained  by  one  single  mechanism.  Five  sources 
leading  to  eddy  formation  can  be  identified: 

1.  The  necessary  condition  for  barotropic  instability  is  the 
existence  of  an  inflexion  point  in  the  horizontal  current  profile 
IPedlosky,  1979],  During  MIZEX  *84  the  presence  of  an  ice 
edge  jet  in  the  EGC  was  inferred  from  ice  floe  tracking  in 
sequential  AVHRR  and  SAR  images  and  from  Argos  drifting 
buoys  [ MIZEX  Group,  1986],  Vinjt  and  Finnekdsa  [1986] 
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Fig.  9.  SOFAR  float  trajectories  (Nl.  N2,  N4,  N7,  N8,  N9,  and  N10)  superimposed  on  bathymetry  (depth  in  hundreds  of 

meters). 


have'  also  documented  the  existence  of  this  jet  Moreover,  a 
horizontal  current  shear  between  the  EGC  and  recirculated 
AW  was  observed  south  of  79°N.  Less  horizontal  shear  was 
found  in  the  northern  region  of  the  strait.  However,  oc¬ 
casionally  the  strength  of  this  jet  and  shear  can  increase  sig¬ 
nificantly  owing  to  wind  forcing  [Johannessen  et  al.,  1983]. 
Inflection  points  may  be  present  in  these  shear  zones,  on  both 
sides  of  the  velocity  maximum.  This  implies  that  kinetic 
energy  can  be  provided  to  eddies  through  barotropic  insta¬ 
bility,  favoring  cyclonic  eddies  at  the  ice  edge  and  anticyclonic 
eddies  towards  the  ice  interior. 

2.  A  vertical  shear  between  the  wedge-shaped  EGC  and 
recirculated  AW  also  exists.  In  addition,  a  baroclinic  current 
regime  in  the  upper  ocean  in  the  vicinity  of  the  ice  edge  may 
be  caused  or  enhanced  by  the  wind  driven  ice  edge  jet  as 
suggested  in  a  numerical  model  by  Reed  and  O'Brien  [1983] 
and  observed  by  Johannessen  et  al.  [1983].  Potential  energy  is 
therefore  available.  In  cases  when  the  ratio  of  the  first  internal 
Rossby  deformation  radius  (R,  —  HN/f ),  i.e.,  the  product  of 
the  vertical  scale  h  and  the  ratio  of  Brunt-VaisaUi  frequency  N 
to  the  Coriolis  parameter  /)  to  the  width  of  the  jet  (L)  is  less 
than  or  equal  to  0(1),  perturbations  grow  through  baroclinic 
instability  [ Phillips ,  1954,  Pedlosky,  1979],  This  argument  was 
used  by  Wadhatns  and  Squire  [1983]  to  conclude  that  the 
“Ymer”  vortex  in  the  EGC  was  generated  by  baroclinic  insta¬ 
bility.  Thus,  eddy  sources  1  and  2  suggest  that  in  the  frontal 
regime  of  the  EGC,  baroclinic  and  barotropic  processes  com¬ 
bine  to  form  mesoscale  eddies. 

3.  Evidence  of  eddies  generated  by  topographic  steering 
and  trapping  due  to  conservation  of  potential  vorticity  is  also 


found  in  Fram  Strait  during  MIZEX  *84,  both  in  deep  water 
in  the  central  part  of  the  strait  and  in  shallow  water  on  the 
Yermak  Plateau. 

4.  Open  ocean  eddies  present  in  the  AW  (Plate  2)  are 
advected  toward  the  meltwater  front  and  the  ice  edge.  This 
will  lead  to  interaction  that  can  develop  i.  .to  ice  edge  eddies. 
Furthermore,  the  fluid  parcels  must  conserve  potential  vorti¬ 
city  along  their  path;  as  the  AW  is  forced  under  the  ice  and 
PW,  the  core  depth  and  relative  distance  between  isopycnals 
increases,  and  so  too  must  the  relative  vorticity.  This  may 
enhance  formation  of  cyclonic  eddies  along  the  meltwater 
front  and  the  ice  edge. 

5.  Lastly,  upper  ocean  eddies  due  to  wind-induced  differ¬ 
ential  Ekman  pumping  along  a  meandering  ice  edge 
IHdkkinen,  1986]  have  not  been  directly  observed.  However, 
use  of  Fram  Strait  summer  conditions  with  a  mixed  layer 
depth  of  25  m  and  an  ice  edge  with  meanders  of  20-40  km  in 
this  model  leads  to  formation  of  shallow  upper  layer  eddies. 

Table  2  summarized  the  characteristics  for  the  14  eddies  El 
to  E14.  They  are  labeled  as  open  ocean  eddies  (O),  ice  edge 
eddies  (IX  under  ice  eddies  (U)  or  subsurface  eddies  (S).  Table 
2  includes  information  on  water  depth,  rotation,  horizontal 
and  vertical  scale,  maximum  orbital  speed  versus  depth,  prop¬ 
agation,  typical  vertical  structure,  and  inferred  eddy  sources. 

Eddies  were  detected  in  both  deep  and  shallow  water  rang¬ 
ing  from  5500  m  to  250  m.  Twelve  of  the  14  eddies  were 
cyclonic.  The  mean  eddy  radius  was  15  km  ±5  km,  the  only 
exception  being  E5  with  a  radius  of  50  km.  In  comparison,  the 
internal  Rossby  deformation  radius  R4  ranged  between  3  and 
5  km  in  the  MIZ.  The  maximum  observed  orbital  speed  versus 
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Plate  5  (a)  SOFAR  float  trajectories  of  N2  and  N7,  together  with 

surface  dynamic  height  (contour  interval  of  10  dyn  cm)  and  drift  track 
of  the  Cyclesonde.  with  corresponding  (h)  temperature  and  (c)  salinity 
structure  from  the  Cyclesonde  section.  (The  color  version  of  this 
figure  can  be  found  in  the  separate  color  section  in  this  issue.) 


depth  was  40  cm  s'  1  at  50  m  in  El,  while  the  deepest  maxi¬ 
mum  of  20  cm  s'1  was  found  at  125  m  for  eddy  E13.  These 
eddies  are  thus  not  categorized  as  submesoscale  coherent  vor¬ 
tices  (SCV),  which  by  definition  have  horizontal  scales  of  Ir.ss 
than  the  internal  Rossby  radius  R,  as  well  as  subsurface  cr- 
bital  velocity  maxima  [ McWilliams ,  1985].  The  propagation 
speed  ranged  from  I  to  15  km  d'  1  for  El,  and  from  1  to  5  km 
d~ 1  for  E2  to  E4  and  El 3.  while  the  seven  eddies  E5  to  Ell 
remained  trapped  owing  to  bathymetric  steering. 

Table  2  suggests  that  the  trapped  eddies  are  generated  by 
vorticity  stretching  due  to  flow  interaction  with  topography 
(source  3)  such  that  the  cyclonic  eddies  (E5,  E6,  E8,  and  EI0) 
are  found  over  topographic  depressions  and  the  anticydonic 
eddies  (E7  and  E9)  are  found  over  topographic  highs.  E5  is 
further  enhanced  by  source  4.  The  combined  effect  of  these  six 
eddies  can  be  viewed  as  a  system  with  five  small  “gear  wheels." 
E6  to  E10.  enclosed  by  a  large  gear  wheel  E5.  The  source  ol 
the  trapped  eddy  Ell)  located  o'er  the  seamount  on  the 
Yermak  Plateau  (Figure  9)  is  less  obvious,  especially  for  the 
first  15  days.  The  SOTAR  float  deployed  at  265  m  displayed 
cyclonic  orbital  motion  with  speed  ranging  from  5  to  10  cm 
s ' 1  despite  the  anticydonic  motion  expected  from  conser¬ 
vation  of  potential  voi’icity  over  a  local  high  when  the  mean 
background  vorticity  is  zero.  It  is  also  in  disagreement  with 
Hunkins'  [1986]  suggestion  that  tidal  rectified  vorticity  waves 


should  propagate  anticyclonically  around  the  Yermak  Pla¬ 
teau.  On  the  other  hand,  the  mean  cross-isobath  advection 
toward  increasing  depth  obtained  the  last  15  days  displayed 
cyclonic  orbital  motion  in  agreement  with  the  conservation  of 
potential  vorticity  argument. 

The  relative  importance  of  the  six  major  bathymetric  fea¬ 
tures  in  the  central  Fram  Strait  (see  Figure  7)  when  applied  in 
the  expression  for  potential  vorticity  in  a  barotropic  ocean  on 
an /plane  (C  =  [<H  —  H0)/H0]*/l  is  given  in  Table  3.  H0  is  the 
mean  depth  of  the  large  depression  of  about  3000  m.  and  H  is 
the  depth  or  height  of  the  individual  features.  As  may  be 
expected,  the  table  documents  that  the  major  increase  in  posi¬ 
tive  relative  vorticity  results  from  the  Molloy  Deep,  exceeding 
the  largest  increase  in  negative  relative  vorticity  resulting  from 
the  seamount  sited  immediately  north  of  Molloy  Deep  by 
more  than  50%. 

In  numerical  models  the  initial  flow  interaction  with  a  topo¬ 
graphic  feature  leads  to  the  generation  of  a  pair  of  eddies 
[Huppert  and  Bryan,  1976;  Verron  and  Le  Provost.  1985]. 
Later,  a  Taylor  column  may  propagate  downstream  from  the 
generation  site  dependent  on  the  inverse  Froude  number 
Nhmj V  (the  Brunt-Vaisala  frequency  N,  the  height  of  the 
topographic  feature  hm,  and  the  background  advection  U).  For 
typical  mean  values  in  the  Molloy  Deep  region,  this  number  is 
of  the  order  of  10  [Smith  et  al.,  1984],  and  the  eddies  will 
remain  trapped.  However,  occasionally  the  number  may  de¬ 
crease  toward  2  for  relatively  strong  pulsation  of  the  mean 
current.  (/,  of  50  cm  s  1  a«  was  observed  by  Vinje  and 
Finnekdsa  [1986],  This  will  lead  to  downstream  advection  of 
eddies.  Consequently,  this  source  (source  3)  must  be  accounted 
for  in  the  mixture  of  generation  mechanisms  for  the  eddies  E 1 
to  E4  located  downstream  of  the  complicated  topographic 
region  in  the  central  part  of  the  strait.  The  distance  from 
Molloy  Deep  to  El  (from  July  4  to  16)  of  about  50  km  fut 
thermore  agrees  with  the  predicted  downstream  wavelength  to 
the  crest  of  the  first  and  largest  standing  wave  (lee  wave)  from 
a  deflection  region  obtained  in  the  tank  model  by  Narimousa 
and  Maxworthy  [1986].  Their  results  further  showed  that 
sometimes  this  standing  wave  became  unstable  and  allowed  a 
cyclone  to  pinch  off  from  the  crest.  The  finding  of  E2  about  50 
km  downstream  of  El  is  also  in  agreement  with  these  tank 
results. 

The  observed  circulation  in  the  frontal  region  immediately 
south  of  79°N  is  quasi-permanently  cydomcally  curved.  This 
favors  generation  of  cyclonic  eddies  [McWilliams.  1985]  in 
agreement  with  El  to  E4.  These  eddies  are  suggested  to  be 
generated  primarily  by  the  mixture  of  sources  1  and  2.  as  is 
usually  the  case  for  frontal  instabilities,  and  since  a  branch  of 
the  AW  recirculates  at  79°N,  source  4  may  also  occur.  The 
subsidence  of  the  AW  underneath  the  ice  and  PW  in  the  ECC 
releases  positive  relative  vorticity  through  density  stretching. 
T-S  relationships  display  this  density  stretching.  Density 
stretching  in  meanders  is  also  observed  with  RAFOS  floats  in 
the  Gulf  Stream  [ Rossby  et  al..  1985].  However,  trapped 
eddies  (source  3)  may  occasionally  be  advected  downstream 
from  the  Molloy  Deep  region  in  response  to  strong  pulsation 
of  the  mean  current,  while  standing  lee  waves  formed  down¬ 
stream  of  Molloy  Deep  may  also  become  unstable  and  pinch 
off  eddies.  Paquette  et  al.  [1985]  report  on  observations  of  a 
cvclomc  eddy  in  this  region  with  structure  and  scales  in  com¬ 
parison  with  El  during  a  field  experiment  in  1981.  They  also 
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Fig.  10.  Open  ocean  eddy  E13.  Horizontal  plots  of  (a)  2.5°C  temperature  surface  and  (8)  35%.  salinity  surfce;  vertical 
structure  of  (cl  temperature,  (if)  salinity,  (*)  density,  and  (/)  geostroptuc  speed  (centimeters  per  second)  from  CTD  sutions 
188-196  indicated  at  the  top  of  the  sections.  Northward  speed  is  shown  by  solid  lines. 


find  that  other  historical  data  in  the  region  show  a  similar 
eddy  feature. 

The  importance  of  the  last  eddy  source  (source  S)  arising 
from  differential  Ekman  pumping  along  a  meandering  ice  edge 
[Hdkkinen,  1986]  needs  also  to  be  clarified.  The  ice  advected 


into  the  central  part  of  Fram  Strait  associated  with  E5  leads 
to  a  near-permanent  meanderlike  ice  configuration  (see  Plate 
2).  Eddies  are  frequently  found  in  the  vicinity  of  the  crest  of 
this  meander  (El  to  E4  and  El 2).  The  weather  maps  and  wind 
curve  shown  in  Figure  2  also  show  that  along  ice  edge  winds 
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Fig.  1 1.  Schematic  of  the  interaction  of  the  open  ocean  eddy  (E)3) 
with  the  ice  edge. 


with  the  ice  to  the  right  when  looking  downwind  were 
common,  providing  favorable  conditions  for  source  S  to  gen¬ 
erate  upper  ocean  eddies.  On  the  other  hand,  the  large  vertical 
scale  of  these  eddies  of  OflOMO3  m)  cannc  be  explained  in 
this  way. 

Finally,  the  detailed  sampling  in  some  of  these  eddies  sug¬ 
gested  that  the  vertical  eddy  structure  can  be  divided  in  two 
categories:  (1)  eddies  with  a  surface  lens  and  interior  dome 
structure  leading  to  a  reversal  in  the  slope  of  the  isopycnals,  in 
general  representative  of  the  ice  edge  eddies,  and  (2)  eddies 
with  either  upward  displacement  (dome  structure)  or  down¬ 
ward  displacement  (depression)  of  isopycnals  only.  Analytical 
studies  of  joint  upper  ocean  eddies  consisting  of  a  lens  on  top 
of  a  cyclonic  vortex  overlying  an  infinite  deep  have  recently 
been  made  by  Nof  [1985].  He  finds  that  the  self-propagation 
of  these  joint  upper  ocean  eddies  is  eastward  when  the  cyclon¬ 
ic  vortex  is  weak  and  westward  when  the  cyclonic  vortex  is 
strong.  This  is  in  basic  agreement  with  the  observation  of  El 3 
in  category  1,  which  propagated  eastward  at  a  maximum  of  5 
kin  d'1.  The  comparison  with  other  eddies  in  category  1  is 
less  satisfactory,  since  they  are  located  in  regions  with  rela¬ 
tively  strong  background  circulation  that  dominates  the  eddy 
propagation. 

3.2.  V  or  licit  y  Balance 

Scaling  of  the  potential  vorticity  equation  for  a  stratified 
ocean  enables  the  relative  importance  of  the  various  terms  in 
the  dynamic  relationship  of  the  eddies  to  be  quantified  and 
analysed.  El,  E12,  EI3,  and  EI4  were  selected  for  this  study. 
The  CTD  data  and  current  meter  data  are  used  in  the  calcula¬ 
tions.  The  ageostrophic  effect  (friction)  that  leads  to  surface 
convergence  in  several  of  the  ice  edge  eddies  is  neglected  in 
this  scaling  argument. 

In  accordance  with  Olson  [1980]  the  potential  vorticity 
equation  in  cylindrical  coordinates  on  an  /  plane  can  be  ap¬ 


proximated  by 

D  dt  |  —icp.crfcv  cz)  +•  cp  iz  <r  r  ■+■  it  it  +  j  )\  =0  111 

where  v  and  p  are  the  mean  horizontal  speed  and  density,  and 
the  vertical  velocity  is  negligible  in  comparison  with  r.  and 
derivatives  in  azimuthal  directions  are  much  smaller  than 
those  in  radial  directions.  The  inner  parenthesis  of  the  second 
term  contains  the  relative  and  planetary  vorticity  terms  multi¬ 
plied  by  the  density  stratification,  while  the  first  term  accounts 
for  the  radial  vorticity.  In  Table  4  these  source  terms  are 
quantified  in  order  of  magnitude. 

Apparently,  for  all  four  eddies  most  of  the  adjustment  is  in 
the  second  term.  Thus  in  order  for  a  fluid  parcel  to  conserve 
potential  vorticity.  an  increase  in  relative  vorticity  associated 
with  the  cyclonic  turn  must  be  accompanied  by  a  stretching  of 
isopycnals.  Water  parcels  will  thereby  downwell  along  density- 
surfaces  as  they  are  advected  cyclonically  through  the  feature. 


3.3.  Energetics 

The  supply  of  kinetic  energy  through  barotropic  instability 
arises  from  Reynolds  stresses  working  against  the  mean  hori¬ 
zontal  velocity  gradient  [ Pedlosky .  1979],  i.e.,  Ek  =  —  uvTv 
r.x.  where  u'.  v'  are  the  perturbation  velocities.  A  correspond¬ 
ing  expression  for  the  available  potential  energy  released 
through  baroclinic  instability  is  Ep  =  — ( g  p0N)2{u  p'cpicx), 
showing  that  the  potential  energy  arises  through  the  advection 
of  density  perturbation  across  the  mean  horizontal  density 
gradient.  Following  Thomson  [1984]  the  relative  importance 
of  these  two  source  terms  is  scaled  as 

S  =  Ee/Ek  =  (fgtN'lp  Po*LiH)v-  " 1  =  2<p  r  >  =  I  (2) 

for  realistic  input  values  (in  mks  units)  of/  =  1.4  x  10"*  s " 
y  =  10m  s"J.  yv2  =  3  x  10  5  s  ~  2.  p0  =  103  kg  m3.  L  =  20 
km.  and  H  =  500  m.  and  \  alues  of  p'  and  v'  of  0. 1  kg  m ' 3  and 
0.2  m  s"  1  at  the  depth  of  maximum  orbital  speed  (see  Figures 

4  and  6).  Alternatively,  using  the  thermal  wind  relationship  of 
the  perturbation  ( fc'/H  =t  p'g;p0L )  this  ratio  can  be  written 

5  =  (f/N)2  (L/H)2.  which  also  equals  1.  Equal  contributions  of 
50%  from  the  potential  and  the  kinetic  energy  exchange  from 
the  mean  to  the  “perturbation"  eddy  field  arc  thus  expected. 
In  comparison,  similar  scaling  applied  to  a  Gulf  Stream  ring 
[Thomson,  1984]  indicates  that  90%  of  the  energy  exchange  is 
associated  with  the  baroclinic  term. 

The  mean  available  potential  energy  (APE)  and  kinetic 
energy  (KE)  in  El  was  also  roughly  calculated  using  the  CTD 
data  shown  in  Figure  4  with  the  assumption  that  the  eddy  was 
symmetric.  From  Olson  [1980]  the  APE  is  estimated  using  the 
integral 

APE  -  g/2  f  j*  Icp/czHh,  -  hr)2  d;  dr  (3) 

Jr  J  500 


where  h,  is  the  depth  of  the  density  surface  in  the  eddy  and  hr 
is  the  reference  depth  of  the  same  surface.  The  kinetic  energies 
are  estimated  using 


KE 


dz  dr 


(4) 


where  the  velocities  are  calculated  from  the  gradient  current 
balance  with  input  of  calculated  geostrophic  speed,  and  with 
no  account  of  the  barotropic  eddy  speed.  The  integration  is 
from  the  surface  to  the  general  CTD  sampling  depth  of  500  m. 


6770 


Johannessen  et  al.:  Fram  Strait  Mesostale  Eddies 


Fig.  12.  (a|  Horizontal  plot  of  the  surfee  dynamic  height  (contour  interval  10  dyn  cm),  north-south  CTD  section 
crossing  the  Ob  bank,  bathymetry  (contour  interval  of  100  m)  and  CTD  station  positions  (solid  dots),  (b)  Temperature, 
salinity,  and  density  structure  from  CTD  section  (stations  marked  at  lop  of  section). 


In  contrast  to  the  result  of  formula  (2),  the  ratio  of  available 
potential  energy  to  kinetic  energy  in  El  is  5,  with  peak  APE 
and  KE  both  located  approximately  10  km  off  the  center. 
Complete  agreement  is  not  necessarily  expected  between  the 
ratio  of  potential  and  kinetic  energy  transfer  and  the  ratio  of 
potential  and  kinetic  energy  distribution.  On  the  other  hand,  if 
a  rough  estimate  of  the  KE  contribution  from  deeper  water 
(barotropic  speed  *  0.10  m  s' 1  for  eddy  El)  is  accounted  for. 
the  ratio  (APE/KE)  decreases  to  approximately  2,  in  closer 
agreement  with  the  results  obtained  from  the  scaling  argument 
using  formula  (2). 


3.4.  Eddy-Induced  Ablation 

The  abundant  eddies  along  the  ice  edge  not  only  advect 
warm  AW  beneath  the  ice  but  also  sweep  ice  and  PW  out 
away  from  the  pack  into  warmer  AW.  Both  of  these  processes 
greatly  accelerate  ice  ablation  by  bringing  warm  water  into 
contact  with  the  ice.  In  these  conditions,  the  bottom  ablation, 
as  measured  during  MIZEX  *83  and  MfZEX  *84  [Josberger. 
this  issue]  attains  values  from  0.25  to  0.5  m  d‘ 1  compared  to 
0.01-0.02  m  d " '  for  the  interior  ice  pack. 

To  estimate  the  effect  of  eddy  heat  transport  on  the  ice  edge, 
consider  the  following  simple  case.  A  series  of  eddies  i.  _-en- 
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TABLE  2.  Characteristics  of  the  14  Eddies.  E1-E14 


Eddy 

Water 

Depth. 

m 

Rotation 

Radius. 

km 

Vertical 

Scale. 

m 

Maximum 
Speed.Depth. 
cm  s1  'm 

Propagation. 

km  d  ‘ 1  Structure 

Source 

South  of  79  N 

El  (1) 

2400 

cyclonic 

15 

1000 

40/50 

1-15 

surface  lens/ 

1.  2  (3) 

interior  dome 

E2(l) 

2400 

cyclonic 

15 

1-5 

1.2(3) 

E3  (O) 

2600 

cyclonic 

15 

>500 

40  0 

1-5 

dome 

1.2(3) 

E4  (O) 

2400 

cyclonic 

20 

>500 

30/0 

1-5 

1.  2(3) 

79  -SO  N 

E5 

3000 

cyclonic 

50 

1000 

trapped 

3.  4 

E6  (I.  S) 

5500 

cyclonic 

20 

5400 

trapped 

depression 

3 

E7  (1.  S) 

1400 

anticyclonic 

15 

1300 

trapped 

dome 

3 

E8  (I.  Si 

4000 

cyclonic 

15 

3900 

trapped 

depression 

3 

E9  (1,  SI 

3000 

anticyclonic 

15 

2800 

trapped 

dome 

3 

E10(S) 

4500 

cyclonic 

15 

4300 

trapped 

depression 

3 

North  of80  N 

Ell  (U) 

500 

cyclonic 

10 

300 

trapped 

3 

E12  (U) 

2000 

cyclonic 

15 

>200 

10/0 

negligible 

4 

E13  (O) 

1200 

cyclonic 

10 

400 

20/125 

1-5 

surface  lens, 

4 

interior  dome 

E14  (U) 

250 

cyclonic 

15 

200 

20/0 

dome 

1.  2 

The  maximum  orbital  speed  is  either  geostrophically  calculated  or  directly  measured.  Eddy  types  are 
as  follows:  O.  open  ocean  eddy:  1.  ice  edge  eddy;  U.  under  ice  eddy;  S.  subsurface  eddy. 


tered  along  the  ice  edge,  the  eddy  centers  are  separated  by  a 
distance  /.  and  each  eddy  has  a  radius  r.  Then  the  eddy  will 
bring  nmr2,2  of  ice  in  contact  with  warm  water  of  3°-4=C. 
If  the  ice  is  h  m  thick  and  melts  atwmd-',  then  the  average 
retreat  of  the  ice  edge  of  the  distance  I  is  given  by 

A  -  (*vjrrJ)/(2Wi)  (5) 

For  typical  MIZ  values,  r  *  15  km.  h  =  1.5  km.  /  »  50  km,  the 
ice  edge  melt  will  be  about  1  to  2  km  d~  '. 

Additional  effects  include  weakening  of  the  ice  which  makes 
it  more  susceptible  to  destruction  by  floe  collisions  and  surface 
wave  breakup.  The  fact  that  only  ice  floes  approximately  200 
m  across  and  never  large  floes  ( >  1  km)  are  observed  in  the 
eddies  substantiates  the  importance  of  this  process.  The  re¬ 
duced  ice  concentration  in  the  eddies  increases  the  absorption 
of  solar  radiation,  replacing  the  heat  lost  by  melting.  The 
relatively  small  ice  floes  in  eddies  also  have  greater  ratios  of 
lateral  area  to  bottom  area  than  do  larger  floes:  hence  lateral 
ablation  becomes  important. 

4.  Conclusions 

Observations  and  interpretations  of  the  summer  MIZEX 
'83-MIZEX  '84  eddy  investigation  in  Fram  Strait  between 
Svalbard  and  Greenland  lead  to  the  following  conclusions : 


TABLE  3.  Conservation  of  Potential  Vorticity  Relative  to  the  Six 
Major  Topographic  Features  in  Central  Fram  Strait  Shown  in 
Figure  7 


Feature 

H. 

m 

H-H0, 

m 

Depression  1 

4500 

1500 

05/ 

Depression  2 

3600 

600 

02/ 

Depression  3 

5500 

2500 

0  83/ 

(Molloy  Deep) 
Seamount  1 

1500 

-1500 

-0.5/ 

Seamount  2 

1500 

-1500 

-0.5/ 

Seamount  3 

1400 

-1600 

-0.53/ 

Mesoscale  eddies  are  found  both  in  shallow  water  wit 
depths  of  several  hundred  meters  and  in  deep  water  wit 
depths  of  several  thousand  meters  and  have  typical  scales  c 
30-40  km.  The  majority  of  the  eddies  rotate  cydonically  witl 
maximum  orbital  speed,  in  some  cases  subsurface,  of  approxi 
mately  40  cm  s'1.  Observations  further  suggest  that  the  edd 
propagation  is  dominated  by  the  advection  within  the  back 
ground  mean  flow  reaching  up  to  15  km  d*‘.  and  that  thi 
eddy  lifetime  is  at  least  20-30  days. 

Five  independent  ice-ocean  eddy  sources  are  present.  Thi 
topographically  controlled  eddies  are  basically  formed  by  con 
servation  of  potential  vorticity  as  the  barotropic  flow  compo 
nent  interacts  with  the  bathymetry.  Occasionally,  thes 
trapped  eddies  may  be  advected  dow, .stream  in  response  t< 
strong  pulsation  of  the  mean  current.  However,  the  transien 
eddies  along  the  frontal  zone  and  ice  edge  are  primaril; 
formed  by  a  mixture  of  barotropic  and  baroclinic  instability 
Additionally,  the  abundance  of  eddies  along  the  ice  edge  ma; 
increase  owing  to  interaction  of  AW  eddies  with  the  ice  edg 
and  vorticity  stretching  as  the  AW  is  forced  under  the  PW,  a 
well  as  owing  to  differential  Ekman  pumping. 

The  major  terms  in  the  vorticity  balance  estimated  for  sev 
era!  of  the  best  sampled  eddies  are  associated  with  the  stretch 
ing  of  isopycnals  and  the  accompanying  changes  in  the  radia 
shear  in  combination  with  the  Coriolis  parameter.  In  compari 
son  the  contribution  from  the  first  term  in  equation  (1)  is  a 
least  an  order  of  magnitude  less,  which  indicates  the  relativ 
importance  of  these  terms  in  modeling.  However,  the  ice  con 
vergence  in  the  center  of  the  eddies  indicates  that  the  frictions 
forces,  not  included  in  the  vorticity  equation,  must  also  b 
considered  in  modeling. 

The  energy  distribution  in  the  eddy  feature  El  indicate 
that  the  available  potential  energy  exceeds  the  kinetic  energ 
by  a  factor  of  about  2.  However,  the  data  did  not  allow  th 
temporal  decrease  in  the  APE,  and  thus  eddy  decay  or  spir 
down,  to  be  quantified.  Furthermore,  the  abundance  of  th 
eddies  also  suggests  that  energy  transfer  by  eddy-eddy  interne 
tion  is  important  and  must  be  included  in  modeling. 

The  abundance  of  eddies  enhances  the  ablation  durin 
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TABLE  4.  Quantification  of  Source  Terms  in  Equation  of  Potential  Vorticity  on  a /  Plane 


Eddy 

Radius. 

km 

Maximum 
Speed, 
m  s'1 

Vertical 

Scale, 

m 

cp  cr, 

kg  m~* 

cp  cz, 

kg  m"A 

cv.cr  +  it. 
s’1 

cvc:, 

s'1 

f 

s'1 

Term  1. 
kg  m  -  *  s  - 1 

Term  2. 
kg  m'*  s~  1 

El 

15 

0,40 

1000 

0.5  x  10-* 

2.0  x  10* 2 

0.3  x  10-* 

0.4  x  I0~a 

1.4  x  10'* 

2.0  x  10-’ 

30.0  x  10-' 

EI2 

15 

0.10 

>200 

05  x  10’* 

1.0  x  10*2 

0.1  x  I0-* 

0.05  x  to*2 

1.4  x  I0-* 

0.25  x  10- ’ 

100  x  10-' 

E13 

7 

0.20 

400 

0.4  x  lO-* 

4.0  x  10’2 

0.3  x  10-* 

0.2  x  10- 2 

1.4  x  10** 

0.8  x  10-' 

70  .0  x  10  ' 

E14 

15 

0.20 

200 

03  x  10 -* 

1.5  x  10'2 

0.2  x  10'* 

0.2  x  10'2 

1.4  x  10-* 

0.6  x  10- 7 

20.0  x  10-' 

Term  1,  (cp  frkrr  c:).  Term  2.  (rp  rrMr  r  +  rr  cr  +  /). 


summer  by  1-2  km  of  ice  edge  melt  per  day,  and  is  a  thermo¬ 
dynamic  process  which  needs  to  be  included  in  ice  edge  mod¬ 
eling. 
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Plate  1  [Johannessen  et  oi.].  Aerial  photograph  of  the  20-  to 
40-krn  ice  edge  eddy  El  centered  at  79'N,  2°30'W  taken  from  the  CV 
580  on  June  30,  1984. 


Plate  2  [Johann* sun  tt  a/.].  NOAA  utellite  AVHRR  image  (combined  1R  and  visual)  from  July  1,  1984.  The 
temperature  color  scale  in  the  ocean  ranges  from  blue  (0*0  to  yellow  (4*0.  The  albedo  gray  scale  of  the  ice  ranges  from 
blade  (ice  edge)  to  white  (ice  pack).  Clouds  west  of  Svalbard  are  also  white.  (This  image  was  processed  at  Christian 
Michdsens  Institute,  Bergen,  Norway,  by  K.  KJoster.) 
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Plate  4  [-/oAcmneiien  «  of.].  Three-dimensional  temperature 
composite  of  El  and  E3.  Arrows  indicate  the  motions  of  the  ice,  Polar 
Water,  and  Atlantic  Water. 


Plate  5  [yriwamn  *r  alj.  (a)  SO  FAR  float  trajectories  of  N2 
and  N7,  together  with  surface  dynamic  height  (contour  interval  of  10 
dyn  an)  and  drift  track  of  the  Cydesondc,  with  corresponding  (61 
temperature  and  (c)  salinity  structure  from  the  Cyciesonde  section. 
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Multisensor  Comparison  of  Ice  Concentration  Estimates  in  the 

Marginal  Ice  Zone 

B.  A.  Burns,1  D.  J.  Cavalieri.2  M.  R.  Keller,3  W.  J.  Campbell.4  T.  C.  Grenfell.5 

G.  A.  M  '.ykut.5  and  P.  Gloersen2 

Aircraft  remote  sensing  data  collected  during  the  1984  summer  Marginal  Ice  Zone  Experiment  in  the 
Fram  Strait  are  used  to  compare  ice  concentration  estimates  derived  from  synthetic  aperture  radar 
'SAR)  imagery,  passive  microwave  imagery  at  several  frequencies,  aerial  photography,  and  spectral 
photometer  data.  The  comparison  is  carried  out  not  only  to  evaluate  SAR  performance  against  more 
established  techniques  but  also  to  investigate  how  ice  surface  conditions,  imaging  geometry,  and 
choice  of  algorithm  parameters  affect  estimates  made  by  each  sensor.  Active  and  passive  microwave 
sensor  estimates  of  ice  concentration  derived  using  similar  algorithms  show  an  rms  difference  of  13%. 
Agreement  between  each  microwave  sensor  and  near-simultaneous  aerial  photography  is  approxi¬ 
mately  the  same  (14%).  The  availability  of  high-resolution  microwave  imagery  makes  it  possible  to 
ascribe  the  discrepancies  in  the  concentration  estimates  to  variations  in  ice  surface  signatures  in  the 
scene. 


Introduction 

Early  aircraft  experiments  demonstrated  the  potential  of 
passive  microwave  sensors  to  discriminate  between  ice-free 
ocean  and  ice-covered  waters  [Wilheit  et  al .,  1972;  Gloersen 
et  al..  1973,  1974]  and  eventually  led  to  the  development  of 
satellite  passive  microwave  imagers.  Since  1972.  these  im¬ 
agers  have  been  providing  a  quantitative  measure  of  sea  ice 
concentration  from  the  electrically  scanning  microwave  ra¬ 
diometer  (ESMR)  on  the  Nimbus  5  spacecraft  launched  in 
December  1972  [Zwally  et  al..  1983;  Parkinson  et  al..  1987] 
and  more  recently  from  the  scanning  multichannel  micro- 
wave  radiometer  (SMMR)  flown  on  both  the  Seasat  and 
Nimbus  7  spacecraft  [Cavalieri  et  al.,  1984], 

The  use  of  satellite-borne  active  microwave  systems  for 
monitoring  polar  sea  ice  has  not  progressed  as  rapidly, 
although  they  do  provide  a  considerably  greater  spatial 
resolution  delineating  individual  floes  and  leads.  This  is 
especially  true  of  synthetic  aperture  radar  (SAR)  systems 
which  utilize  a  technique  of  discriminating  individual  reso¬ 
lution  cells  within  the  field  of  view  according  to  range  and 
Doppler-shifted  returns.  As  with  the  passive  microwave 
sensors,  aircraft  flights  (e.g.,  Campbell  et  al.,  1978,  1980; 
Gray  et  al.,  1982]  have  demonstrated  the  utility  of  using  SAR 
systems  for  studying  and  monitoring  sea  ice  variability. 
Although  there  have  been  numerous  comparative  studies  of 
active  and  passive  microwave  sea  ice  signatures  [e.g..  Gray 
et  al..  1982],  there  has  not  been  a  quantitative  comparison  of 
sea  ice  concentration  estimates  from  coincident  active  and 
passive  microwave  observations.  The  use  of  both  active  and 
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passive  sensors  for  deriving  sea  ice  concentration  informa¬ 
tion  poses  three  key  questions.  First,  do  the  two  kinds  of 
sensors  provide  comparable  estimates  of  ice  concentration? 
Second,  do  different  sensor  resolutions  significantly  affect 
concentration  estimates?  And.  third,  to  what  degree  can 
observed  discrepancies  be  attributed  to  the  different  re¬ 
sponse  of  each  sensor  to  ice  surface  conditions,  especially 
those  found  in  the  marginal  ice  zone  (M1Z)?  Recently,  a 
comparison  between  sea  ice  concentrations  obtained  with 
the  Nimbus  7  SMMR  and  the  shuttle  imaging  radar  B 
(SIR-B)  over  nearly  coincident  scenes  in  the  MIZ  of  the 
Weddell  Sea  suggests  that  indeed  passive  and  active  systems 
do  provide  similar  sea  ice  concentrations  [Martin  et  al..  this 
issue]. 

In  this  study  we  attempt  to  address  these  questions 
through  a  comparison  of  sea  ice  concentrations  derived  from 
both  active  and  passive  sensors  flown  on  aircraft  during  the 
Greenland  Sea  Marginal  Ice  Zone  Experiment  in  June  and 
July  1984  (MIZEX  East  ‘84).  In  contrast  to  the  study  by 
Martin  et  al.  [this  issue],  this  data  set  covers  a  full  range  of 
ice  concentrations  and  provides  spatial  resolutions  which 
allow  for  the  discrimination  of  individual  floes  in  both  the 
radar  and  radiometer  data.  This  higher  spatial  resolution 
permits  an  evaluation  of  the  ice  concentration  discrepancies 
based  on  the  radiometric  brightness  and  radar  backscatter 
variability  of  individual  floes.  Furthermore,  these  data  were 
collected  during  a  period  of  clear  weather,  thus  providing  the 
opportunity  not  only  to  compare  active  and  passive  micro- 
wave  sensor  estimates,  but  also  to  compare  both  to  esti¬ 
mates  obtained  from  aerial  photography  and  spectral  pho¬ 
tometry. 

This  paper  presents  an  analysis  of  only  part  of  this  data  set 
in  an  effort  to  evaluate  the  ability  of  different  sensors, 
especially  the  radar,  to  obtain  sea  ice  concentration  esti¬ 
mates.  The  study  has  three  main  objectives:  first,  to  compare 
the  sea  ice  concentration  estimates  from  each  of  the  sensors, 
especially  the  microwave  sensors,  in  the  MIZ  during  sum¬ 
mer;  second,  to  look  for  trends  in  the  level  of  agreement  as 
a  function  of  ice  field  characteristics  and  sensor  parameters; 
and  third,  to  identify  reasons  for  discrepancies.  The  next 
section  summarizes  the  sensors  and  provides  a  description 
of  the  algorithms  used  for  extracting  sea  ice  concentration. 
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TABLE  I.  Sensor  Description  Summary 


Aircraft 

Sensor 

Frequency.  Polarization 

Resolution 

NRL  P-3 

PMI:  passive  microwave  imager. 

±45°  scan 

90  GHz.  equivalent  nadir 

67  m  at  7.6  km:  10 
m  at  1.2  km 

NASA  CV-990 

AMMS:  advanced  microwave  mois¬ 
ture  sounder.  ±45°  scan 

92  GHz 

340  m  at  10.2  km 
(nadir) 

ESMR:  electrically  scanning  micro- 
wave  radiometer  (imager).  ±50° 
scan 

19.35  GHz.  equivalent  nadir 

500  m  at  10.2  km 
(nadir) 

AMMR:  aircraft  multichannel  micro- 
wave  radiometer 

AP-990:  aerial  photography.  KS-87B 
metric  camera 

18  and  37  GHz.  H  and  V 

1450  m  at  10.2  km 

l.l  m  at  10.2  km 
(nominal) 

CCRS  CV-580 

SAR:  synthetic  aperture  radar 

AP-580:  aerial  photography.  35-mm 
camera 

9.4  GHz.  HH 

3  m 

2.8  m  at  6.7  km 
( nominal) 

Polarqueen 

helicopter 

SP:  spectral  photometer 

500,  650,  and  1000  nm 

4000  m  at  1  km 

This  is  followed  by  an  intercomparison  of  the  derived 
concentrations  and  a  discussion  of  the  results.  Finally,  a 
summary  of  the  key  results  is  presented  and  implications  for 
future  active  and  passive  satellite  sensors  are  discussed. 

Sensor  and  Algorithm  Description 

The  aircraft  sensors  used  in  the  study  are  described  in  this 
section.  This  is  followed  by  a  discussion  of  the  physical  basis 
for  estimating  sea  ice  concentrations  from  the  active  and 
passive  microwave  sensors.  The  algorithms  used  with  both 
microwave  and  visible  data  are  then  described. 

A  brief  description  of  the  aircraft  sensors  is  presented  in 
Table  1 .  Note  that  aerial  photography  was  collected  simul¬ 
taneously  with  microwave  data  on  both  the  NASA  CV-990 
and  Canada  Centre  for  Remote  Sensing  (CCRS)  CV-580 
aircraft.  The  ensemble  of  aircraft  microwave  remote  sensors 
described  in  Table  ]  is  similar  to  that  which  will  be  available 
when  the  European  Space  Agency’s  remote-sensing  satellite 
ERS  1  and  the  next  Department  of  Defense  DMSP  (Defense 
Meterological  Satellite  Program)  satellite  become  opera¬ 
tional  [European  Space  Agency ,  1985].  The  SAR  and  special 
senior  microwave  imager  (SSM/I)  on  these  satellites  will 
provide  data  at  resolutions  of  33  m  and  12.5  km,  respec¬ 
tively,  and  at  frequencies  of  5.3  GHz  for  the  SAR  and  19.35, 
22,  37  and  85  GHz  for  the  SSM/1.  The  range  of  frequencies 
is  similar  to  those  of  the  sensors  considered  here  as  well  as 
the  relative  resolutions  (a  factor  of  approximately  400  be¬ 
tween  the  ERS  1  SAR  and  the  SSM/I  versus  200  between  the 
aircraft  SAR  and  the  ESMR). 

Sensor  Descriptions 

The  NASA  CV-990  aircraft  carried  three  of  the  passive 
microwave  sensors  operated  during  MIZEX  '84:  the  ad¬ 
vanced  microwave  moisture  sounder  (AMMS),  the  ESMR, 
and  the  aircraft  multichannel  microwave  radiometer 
(AMMR).  The  AMMS  is  a  mechanically  scanning  imaging 
microwave  radiometer.  It  operates  at  92  GHz  and  at  three 
frequencies  separated  by  2,  5,  and  9  GHz  from  the  183-GHz 
water  vapor  line.  Very  little  surface  information  is  provided 
at  183  GHz  because  of  the  high  atmospheric  opacity  over  the 
MIZ.  The  AMMS  has  a  2°  beam  width  at  92  GHz  and  a 
resolution  at  nadir  of  one  thirtieth  of  the  aircraft  altitude. 
The  brightness  temperature  TB  at  92  GHz  varies  from  about 
210  K  over  ice-free  water  to  about  260  K  over  consolidated 
ice.  The  ESMR  operates  at  a  frequency  of  19.35  GHz.  The 


angular  resolution  at  nadir  is  2.8°,  giving  a  spatial  resolution 
of  one  twentieth  of  altitude.  Although  the  radiometer  mea¬ 
sures  the  horizontally  polarized  component  of  the  radiance, 
the  radiances  are  reduced  to  equivalent  nadir  values  to 
eliminate  the  variations  due  to  a  varying  angle  of  incidence 
with  scan  angle.  The  radiances  expressed  as  brightness 
temperatures  vary  from  about  120  K  over  ice-free  ocean  to 
about  260  K  over  consolidated  ice.  The  AMMR  operates  at 
10.7,  18,  21,  and  37  GHz  viewing  at  45°  to  the  right  of  nadir. 
All  the  radiometers  except  21  GHz  are  dual-polarized;  the  21 
GHz  radiometer  measures  vertical  polarization  only.  All  the 
AMMR  radiometers  have  antennae  with  6°  beam  widths.  At 
the  45°  view  angle  this  produces  a  resolution  of  one  seventh 
of  altitude  along  the  flight  direction  and  one  fifth  of  altitude 
perpendicular  to  the  flight  track. 

The  passive  microwave  imager  (PMI)  carried  onboard  the 
Naval  Research  Laboratory  (NRL)  P-3  aircraft  is  a  90-GHz 
total  power  radiometer.  The  PMI  has  a  1°  beam  width  and  a 
resolution  of  1/120  of  the  aircraft  altitude.  The  radiometer 
collects  energy  of  mixed  polarization  which  varies  with  look 
angle.  Typical  TB  values  range  from  205  K  for  water  at  nadir 
to  250  K  for  wet  ice. 

The  Environmental  Research  Institute  of  Michigan 
(ERIM)  synthetic  aperture  radar  operated  from  the  CCRS 
CV-580  aircraft  has  the  capability  to  receive  dual  polariza¬ 
tions  (HH  and  HV  or  VV  and  VH)  while  operating  at  two  of 
three  possible  frequencies:  1.2  GHz.  5.3  GHz,  and  9.4  GHz. 
The  imagery  has  a  resolution  of  3  m  independent  of  aircraft 
altitude.  During  the  MIZEX  flights,  data  were  collected  at  a 
range  of  incidence  angles  where  the  backscatter  response 
changes  slowly  so  as  to  assure  a  uniform  appearance  to  the 
imagery.  The  geometric  distortion  inherent  in  side-looking 
radar  imagery  was  rectified  prior  to  comparison  with  the 
passive  imagery.  The  9.4  GHz.  HH  polarization  data,  which 
showed  the  highest  contrast  between  sea  ice  and  ice-free 
water  (approximately  8  dB).  were  used  in  this  study. 

Physical  Basis  for  Estimates 

The  physical  basis  for  estimating  sea  ice  concentration 
from  passive  microwave  radiance  data  stems  from  the  large 
contrast  in  microwave  emission  between  sea  ice  and  open 
water.  In  addition,  the  spectral  variation  of  microwave 
emissivity  differs  for  the  different  ice  types  which  are  asso¬ 
ciated  generally  with  ice  age.  These  variations  are  illustrated 
in  Figure  1.  Figure  la  shows  the  microwave  spectra  of 
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Fig.  !.  Microwave  emissivity  at  50°  incidence  angle  versus 
frequency  for  first-year  ice  (solid  line),  multiyear  ice  (dashed  line), 
and  caim  water.  Triangles  indicate  theoretical  emissivities  of  calm 
water,  (a)  Fall-winter  conditions  (NORSEX  ’79).  (b)  Summer  con¬ 
ditions  (MIZEX  ’83).  [From  Mauler  el  al.,  1984], 


first-year  ice,  multiyear  ice  and  calm  ocean  under  winter 
conditions  with  the  sea  ice  having  a  dry  snow  cover.  These 
data  are  based  on  both  surface  measurements  made  during 
the  Norwegian  Remote  Sensing  Experiment  (NORSEX)  in 
1979  and  theoretical  calculations.  The  observations  were 
made  at  five  frequencies:  4.9,  10.4,  21,  35,  and  94  GHz  both 
for  horizontal  and  vertical  polarization.  A  comparison  of  the 
six  spectra  indicates  that  the  emissivity  for  first-year  ice  is 
almost  independent  of  frequency,  that  for  multiyear  ice 
decreases  with  increasing  frequency,  and  that  for  calm  ocean 
increases  with  increasing  frequency.  Also,  the  difference 
between  the  emissivities  at  vertical  and  horizontal  polariza¬ 
tion  is  much  larger  for  calm  ocean  than  for  either  ice  type. 
However,  there  is  some  evidence  that  for  both  ice  types  the 
polarization  difference  decreases  somewhat  with  increasing 
frequency. 

In  contrast  to  the  winter  conditions,  the  spectra  shown  in 


Figure  lb  indicate  that  in  summer  wet  snow  cover  on  the  sea 
ice  masks  ice  types  for  higher  microwave  frequencies.  The 
wet  surface  acts  as  a  black  body,  with  a  high  level  of 
emission  regardless  of  ice  type.  The  emissivities  for  both 
multiyear  and  first-year  ice  resemble  that  for  winter  first- 
year  ice.  making  it  difficult  to  differentiate  ice  types.  Also, 
under  certain  atmospheric  conditions,  the  surface  of  the  wet 
snow  can  refreeze,  forming  a  surface  crust.  The  crust  lowers 
emissions  at  shorter  microwave  wavelengths  owing  to  vol¬ 
ume  scattering  losses  and  results  in  first-year  and  multiyear 
ice  signatures  similar  to  that  of  winter  multiyear  ice  [Matzler 
et  al..  1982 J.  Thus  surface  conditions,  not  ice  type,  dominate 
the  microwave  signature  during  summer.  Any  concentra¬ 
tions  derived  from  imagery  of  summer  ice  therefore  will 
indicate  total  ice  concentration  and  will  not  be  differentiated 
into  first-year  and  multiyear  types.  This  implies  that  the 
current  multichannel  microwave  algorithms  can  be  used  to 
distinguish  first-year  and  multiyear  ice  covers  only  in  the 
winter  months  [e.g.  Cavalieri  et  al..  1984). 

The  derivation  of  ice  concentration  from  active  micro- 
wave  sensors  is  based  on  the  difference  in  radar  cross 
section  between  sea  ice  and  open  water.  Within  the  MIZ.  the 
radar  cross  section  of  open  water  at  frequencies  around  10 
GHz  is  observed  to  be  much  lower  than  that  of  the  ice 
lOnstott  and  Moore.  1984).  Although  in  winter  the  open 
water  signature  can  be  confused  with  that  of  new  (grease)  ice 
[ Gray  et  al.,  1982],  in  summer  little  or  no  new  ice  is  forming. 
Figure  2  shows  radar  cross  section  data  for  multiyear  ice, 
first-year  ice.  and  calm  water  under  '.oth  summer  and  winter 
conditions.  These  scatterometer  data  indicate  that  the  radar 
cross  section  of  open  water  is  on  average  more  than  10  dB 


Fig.  2.  Average  radar  cross  sections  at  9.4  GHz  versus  inci¬ 
dence  angle  for  first-year  ice  (triangles),  multiyear  ice  (circles),  and 
calm  water  (squares),  (a)  Cold  late  fall  conditions,  (b)  Summer  melt 
conditions.  (Adapted  from  Onsiott  and  Cogineni  [1985]). 
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below  that  of  multiyear  and  first-year  sea  ice  for  the  present 
frequency  and  incidence  angle  range  of  interest. 

These  data  also  indicate  that  the  contrast  normally  seen 
between  ice  types  in  winter  (Figure  2a)  is  greatly  reduced  in 
summer  (Figure  2b).  In  winter  the  radar  signature  for 
multiyear  ice  is  much  higher  than  that  for  first-year  ice.  The 
multiyear  signature  is  dominated  by  volume  scattering  in  the 
upper  layers  of  the  ice  which  have  undergone  melt,  brine 
drainage,  and  recrystallization,  whereas  the  radar  return 
from  the  relatively  saline  first-year  ice  consists  primarily  of  a 
much  weaker  surface  scattering  component  [Gray  et  al., 
1982].  Under  summer  conditions  the  radar  signatures  of 
first-year  and  multiyear  ice  are  similar.  Wet  snow  cover  and 
the  presence  of  liquid  water  at  the  snow-ice  interface  mean 
that  surface  scattering  at  the  air-snow  and  snow-ice  inter¬ 
faces,  and  volume  scattering  and/or  absorption  in  the  snow 
cover  dominate  the  cross  sections  of  both  ice  types  [Onstott 
and  Gogineni,  1985;  Onstott  et  al.,  this  issue].  As  a  result, 
the  multiyear  signature  is  lower,  so  that  it  more  closely 
resembles  that  of  winter  first-year  ice. 

Sea  Ice  Concentration  Algorithms 

The  algorithms  used  in  this  study  to  obtain  ice  concentra¬ 
tion  from  passive  microwave  data  have  been  applied  previ¬ 
ously  to  several  satellite  and  aircraft  data  sets  with  satisfac¬ 
tory  results  [e.g.,  Zwally  et  al.,  1983;  Cavalieri  et  al.,  1984]. 
The  algorithms  for  the  derivation  of  ice  concentration  from 
digital  SAR,  aerial  photography,  and  spectral  photometer 
data,  on  the  other  hand,  are  relatively  new  techniques  and 
are  still  under  evaluation.  The  algorithms  also  differ  in  their 
assumptions.  Both  the  passive  microwave  radiometer  and 
the  spectral  photometer  provide  an  integrated  measure  of  the 
radiation  within  the  sensor  field  of  view  such  that  owing  to 
the  relatively  coarse  resolution  of  these  systems,  there  is  a 
high  probability  that  both  water  and  ice  contribute  to  a  single 
data  point  or  pixel.  These  algorithms  therefore  assume  a 
mixed  pixel  situation  for  all  pixels.  At  the  higher  resolutions 
typical  of  aircraft  SAR  imagery  and  aerial  photography  ( 1-3 
m)  the  probability  of  mixed  pixels  is  much  lower  and  the 
mixed  pixel  assumption  less  critical  to  the  algorithms  using 
these  data. 

Single-channel  passive  microwave  algorithms.  The  algo¬ 
rithms  designed  to  derive  sea  ice  concentration  from  the 
single  channel  passive  microwave  radiometers  are  based  on 
a  linear  interpolation  between  two  brightness  temperatures, 
one  for  ice  and  one  for  open  water.  The  general  form  of  the 
algorithms  for  calculating  sea  ice  concentration  C  is 

C  =  (Tg  -  TbwVITbi  ~  Tbw)  (I) 

where  TB  is  the  observed  brightness  temperature,  TBw  is  the 
brightness  temperature  for  open  water,  and  TBi  is  the  bright¬ 
ness  temperature  for  sea  ice.  Table  2  gives  the  values  of  TBi 
and  Tbw,  the  tie  point  brightness  temperatures,  for  the 
NASA  CV-990  ESMR  and  AMMS  algorithms  and  for  the 
NRL  P-3  PMI  algorithm. 

Histograms  of  brightness  temperature  data  obtained  with 
each  of  the  single  channel  sensors  are  presented  in  Figure  3; 
the  tie  point  brightness  temperatures  are  indicated  on  each 
plot.  The  histogram  of  the  19-GHz  ESMR  data  in  Figure  3a 
shows  a  strong  ice-water  contrast,  whereas  in  the  histogram 
of  simultaneously  collected  92-GHz  AMMS  data  (Figure  3b) 
the  ice  peak  is  less  distinct.  Figure  3c  shows  a  histogram  of 
90-GHz  PMI  data  collected  on  June  29  during  a  period  when 


TABLE  2.  Passive  Microwave  Algorithm  Tie  Point  Brightness 
Temperatures 


Sensor 

Day* 

Tm 

Tjm 

19-GHz  ESMR 

26 

265 

135 

30 

265 

135 

92-GHz  AMMS 

26 

260 

212 

90-GHz  PMI 

26 

260 

223 

29 

188 

205 

•June  1984 


frozen  snow  crusts  were  forming  on  the  surface.  Because  of 
the  lossy  nature  of  these  crusts,  the  ice  peak  has  a  lower 
brightness  temperature  than  the  water  peak  in  contrast  to  the 
wet  surface  case  in  Figure  3 b.  It  is  clear  from  Figure  3  that 
when  a  variety  of  surface  conditions  exist  in  a  region,  which 
is  typical  for  the  MIZ.  an  algorithm  with  a  single  ice  tie  point 
will  not  adequately  discriminate  between  ice  and  water  in  the 
higher-frequency  AMMS  and  PMI  imagery. 

Multichannel  passive  microwave  algorithm.  The 
multichannel  algorithm  used  with  the  CV-990  AMMR 
18-GHz  and  37-GHz  horizontally  and  vertically  polarized 
radiances  for  deriving  sea  ice  concentration  is  described  in 
detail  by  Cavalieri  et  al.  [1984]  and  further  discussed  by 
Swift  and  Cavalieri  [1985]  and  by  Gloersen  and  Cavalieri 
[1986].  The  algorithm  utilizes  radiance  ratios  as  the  indepen¬ 
dent  parameters.  These  ratios  are  the  polarization  (PR)  and 
the  spectral  gradient  ratio  (GR)  defined  as 

PR(/)  =  (7flv</)  -  TbMMTbvU)  +  TBH(f))  (2) 

GR  =  (TBv< 37)  -  T«v(18))/(r*v(37)  +  7*v<18»  (3) 

where  TBv  and  TBh  are  the  observed  vertically  polarized  and 
horizontally  polarized  brightness  temperatures,  respec¬ 
tively,  and  /  is  either  18  or  37  GHz.  The  frequencies  for  GR 
are  specified  in  the  definition. 

Variations  in  PR  and  GR  provide  the  requisite  information 
for  the  determination  of  both  total  sea  ice  concentration  and 
(during  winter)  multiyear  ice  fraction,  as  an  examination  of 
Figure  la  will  show.  In  Figure  la  we  see  that  the  difference 
between  the  vertically  polarized  and  horizontally  polarized 
emissivities  is  much  greater  for  open  water  than  it  is  for 
either  ice  type.  Hence,  PR  is  a  good  ice-water  discriminator. 
We  also  note  that  the  discrimination  between  ice  types 
increases  with  increasing  frequency.  Since  GR  is  a  measure 
of  the  spectral  difference  between  18  GHz  and  37  GHz.  it 
serves  as  a  discriminator  between  the  two  ice  types.  The 
combination  of  both  PR  and  GR  then  provides  a  measure  of 
both  the  open  water  amount  and  the  ice  type  mixture.  In 
areas  of  mostly  multiyear  ice,  GR  is  negative;  in  areas  of 
mostly  first-year  ice,  GR  is  slightly  positive:  and  in  areas  of 
open  water,  GR  is  strongly  positive.  The  algorithm  coeffi¬ 
cients  (tie  points)  used  in  this  study  are  based  on  AMMR 
observations  made  on  June  18,  a  day  of  below  freezing 
temperatures  when  the  ice  type  characteristics  are  similar  to 
those  presented  in  Figure  la. 

The  characteristics  of  the  multichannel  algorithm  used  to 
distinguish  between  ice  types  under  winter  conditions  also 
help  compensate  for  the  effects  of  summer  melt  in  the 
calculation  of  total  ice  concentration.  As  an  examination  of 
Figure  lb  shows,  a  wet  ice  surface  results  in  the  multiyear 
ice  becoming  radiometrically  indistinguishable  from  first- 
year  ice.  Under  these  conditions,  GR  becomes  slightly 
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positive,  and  the  algorithm  interprets  the  wet  multiyear  ice 
as  first-year  ice.  However,  the  difference  in  polarization 
remains  about  the  same  whether  or  not  the  surface  is  wet. 
Thus  PR  is  relatively  unaffected,  resulting  in  only  small 
errors  in  the  total  ice  concentration.  Of  course,  in  the 
extreme  when  the  surface  is  sufficiently  soaked  or  when  melt 
pools  form,  the  passive  microwave  signature  will  be  that  of 


Fig.  3.  Histograms  of  brightness  temperature  data:  (a)  19-GHz 
ESMR  data  for  wet  conditions  (June  26).  ( b )  92-OHz  AMMS  data  for 
wet  conditions  (June  26).  and  (c)  90-GHz  PMI  data  for  frozen 
surface  crust  conditions  (June  29).  Arrows  indicate  the  values  of 
water  and  ice  tie  points  used  in  the  algorithms.  Note  the  reversal  in 
the  90-GHz  signatures  for  ice  and  water  under  frozen  surface 
conditions. 
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Fig.  4.  Histogram  of  SAR  image  intensity  data  collected  on 
June  30.  Arrows  indicate  values  of  water  and  ice  tie  points  used  in 
the  concentration  algorithm. 


open  water  and  the  microwave  algorithm  no  longer  gives  a 
reliable  measure  of  ice  concentration. 

SAR  ice  concentration  algorithm.  Similar  to  the  passive 
microwave  algorithms,  the  derivation  of  ice  concentration 
from  single-channel  SAR  data  is  based  on  a  linear  interpo¬ 
lation  between  the  radar  signatures  of  ice  and  open  water. 
The  algorithm  used  here  is  based  on  data  collected  over  the 
marginal  ice  zone  during  the  summer  season  [Burns  et  al. . 
1985].  The  algorithm  operates  on  a  pixel-by-pixel  basis  such 
that  the  ice  concentration  associated  with  a  pixel  of  intensity 
/  is  given  by 


Cl!)  =  (/  -  /„)/( I,  -  I»)  (4) 

where  1/  is  the  mean  value  of  sea  ice  intensities  and  1*  is  the 
mean  value  of  water  intensities  in  the  SAR  scene.  1/  and  I» 
are  determined  for  each  scene  using  an  interactive  display 
device  where  ice  and  open  water  pixels  are  identified  and 
sampled  to  obtain  the  mean  intensity  values. 

A  histogram  of  SAR  image  intensity  for  data  collected  on 
June  30  is  presented  in  Figure  4.  The  histogram  shows  one 
strong  and  one  weak  peak,  indicating  that  the  ice  and  water 
intensity  distributions  overlap.  Several  factors  contribute  to 
the  width  of  the  separate  distributions,  including  ice  signa¬ 
ture  variability,  mixed  pixels  at  ice-water  boundaries,  and 
imaging  effects.  The  largest  contributors  are  the  wide  varia¬ 
tion  in  ice  signatures,  resulting  mainly  from  variations  in 
snow  cover  wetness,  and  the  multiplicative  nature  of  coher¬ 
ent  speckle  noise  in  the  imaging  process.  In  the  presence  of 
speckle,  the  higher  the  signal  the  greater  its  variance,  so  that 
the  ice  signature  will  have  a  greater  variance  than  the  water 
signature.  Mixed  pixels  result  both  from  the  finite  resolution 
of  the  system  and  from  antenna  side  lobes  which  effectively 
integrate  ice  returns  with  the  returns  from  “water  pixels" 
near  floe  edges.  The  mixed  pixel  approach  of  the  passive 
algorithms  using  a  mean  ice  intensity  value  as  a  tie  point  is 
adopted  to  partially  account  for  these  factors. 

Aerial  photography  algorithm.  Under  cloud-free  condi¬ 
tions  in  summer  the  visible  contrast  between  sea  ice  and 
ice-free  water  is  extremely  high.  This  is  reflected  in  the 
histogram  of  digitized  CV-990  aerial  photography  shown  in 
Figure  5  where  the  ice  and  water  peaks  are  clearly  separated. 
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Fig.  5.  Histogram  of  image  pixel  values  for  digitized  CV-990 
aerial  photography.  Peaks  at  0  and  255  result  from  the  digitization 
process.  Arrows  indicate  values  of  water  and  ice  tie  points  used  in 
the  concentration  algorithm. 


TABLE  3.  Reference  Albedos  Versus  Wavelength  and  Surface 
Type 


Wavelength,  nm 

Albedo 

Snow 

Ponds 

Leads 

500 

0.84 

0.61 

0.08 

650 

0.80 

0.30 

0.08 

1000 

0.50 

0.08 

0.08 

bands  (500,  650,  and  1000  nm)  to  resolve  the  areas  of  leads, 
ponds,  and  ice/snow.  Values  used  in  the  albedo  matrix, 
given  in  Table  3.  were  determined  on  the  basis  of  periodic 
surface  measurements  made  near  the  MIZEX  drift  station 
Polarqueen.  The  spectral  photometer  data  were  collected 
simultaneously  with  aerial  photography  on  helicopter  mis¬ 
sions  operating  from  the  Polarqueen.  A  pair  of  spectral 
photometers,  mounted  on  the  helicopter,  measured  simulta¬ 
neously  both  incident  and  reflected  radiation. 


The  frames  of  the  aerial  photography  selected  for  this  study 
were  digitized  directly  from  the  photographic  prints  to  3-m 
pixel  spacing.  The  digitization  process  introduced  some 
mixed  pixels  into  the  data;  the  percentage  and  distribution  of 
mixed  pixels  in  the  histogram  depends  to  a  large  degree  on 
the  floe  size  and  concentration  characteristics  of  the  scene 
itself. 

The  algorithm  used  with  the  digitized  aerial  photography 
data  to  derive  ice  concentration  estimates  follows  (4),  with 
the  mean  ice  and  water  values  determined  in  the  same 
manner  as  with  the  SAR  data.  An  initial  attempt  to  use  a 
simple  thresholding  technique  was  not  successful  in  that  the 
concentration  results  disagreed  with  a  manual  analysis  of  the 
photographs.  This  was  primarily  because  this  technique  does 
not  account  for  mixed  pixels  in  the  digitized  data.  Comiso 
and  Zwally  [1982]  came  to  a  similar  conclusion  in  their 
analysis  of  Landsat  data.  So  although  the  aerial  photography 
is  highly  interpretable  to  the  human  eye,  the  quantitative 
estimates  derived  from  digitized  photos  are  subject  to  uncer¬ 
tainties.  The  aerial  photography  is  therefore  treated  as 
another  sensor  rather  than  “truth”  when  comparing  ice 
concentration  estimates  in  this  study. 

Spectral  photometer  algorithm.  Differences  in  the  spec¬ 
tral  albedo  of  different  ice  types  offer  a  potential  method  for 
determining  the  relative  abundance  of  each  ice  type,  and  in 
particular  ice  concentration.  Let  MA  =  the  measured  albedo 
of  a  region  at  wavelength  A,  A,  =  fractional  area  of  that 
region  covered  by  ice  type  i,  and  aAi  =  the  reference  albedo 
of  category  /  at  wavelength  A.  If  we  assume  that  the  regional 
albedo  at  a  particular  wavelength  is  a  linear  sum  of  the 
contributions  of  each  ice  type,  we  can  write  MA  as 

=  2  <*xA  (5) 

i 

Thus  we  have  a  system  of  equations  which  have  the  form 

(oJA,  =  Ma  (6) 

Inverting  the  albedo  matrix,  we  can  solve  the  system  for 
each  A/ 

A,  -  MAfaw)-'  (7) 

Spectral  tlbedos  wcie  measured  in  three  wavelength 


Multisensor  Comparisons 

Ice  concentration  estimates  from  the  sensors  described 
above  are  compared  in  two  areas  of  the  Fram  Strait  MIZ 
which  differ  both  in  their  ice  concentration  characteristics 
and  in  the  ice  surface  conditions  at  the  time  the  data  were 
taken.  These  two  areas  are  indicated  by  the  boxes  in  Figure 
6.  The  more  northerly  area,  located  between  80°N  and  81°N 
(solid  and  dotted  boxes)  was  in  a  region  of  relatively  uniform 
compact  ice  with  a  well-defined  ice-water  boundary.  Floes 
ranged  from  a  few  meters  to  10  km  in  diameter,  with  a 
narrow  (6  km)  band  of  small  floes  near  the  edge.  The  more 
southerly  area,  located  between  79°N  and  80°N  (dashed  box) 
was  heavily  influenced  by  dynamic  oceanographic  processes 


ti 

+ 


Fig.  6.  Map  of  the  Fram  Strait  area  showing  the  location  of  the 
data  coverage  used  in  the  ice  concentration  comparisons.  The  three 
boxes  indicate  the  passive  microwave  coverage  on  June  26  (solid 
line),  the  SAR  coverage  on  June  29  (dotted  line),  and  the  SAR 
coverage  on  June  30  (dashed  line).  The  N-S  track  gives  the  location 
of  the  June  29  PMI  and  spectral  photometer  transects,  and  the  E-w 
tmrk  gives  the  location  of  the  northernmost  leg  of  ESMR  and 
AMMR  coverage  on  June  30.  The  SMMR  ice  edge  for  June  30  is 
indicated  by  the  cross-hatched  line. 
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Fig.  7.  Spectral  photometer  estimates  of  ice  concentration  along  transects  from  Polarqueen  to  the  ice  edge  and  back. 
Each  point  represents  a  sample  of  a  circular  area  2000  m  in  radius. 


resulting  in  large  variations  in  the  ice  concentration.  The 
more  northerly  area  was  imaged  under  both  melting  and 
freezing  surface  conditions,  and  the  southerly  area  was 
imaged  when  the  surface  temperature  was  approximately 
0°C  at  the  ice  edge. 

Comparisons  are  made  for  days  with  coincident  coverage 
by  two  or  more  microwave  sensors;  aerial  photography  is 
included  in  the  comparison  when  available.  Imagery  from 
different  sensors  was  registered  visually  because  comparing 
sensors  with  widely  different  resolutions  precludes  the  use  of 
the  more  accurate  computer  registration  techniques.  Also, 
motion  of  the  ice  field  between  data  collection  times  makes 
it  impossible  to  compare  estimates  for  precisely  the  same 
area.  The  effect  of  misregistration  on  the  comparisons  is 
addressed  in  each  case.  All  ice  concentration  estimates  are 
derived  from  digital  data  using  the  algorithms  described 
above. 

June  26:  PMI,  ESMR.  and  AMMS 

Passive  microwave  imagery  was  collected  over  the  north¬ 
ern  area  on  June  26  by  the  NRL  P-3  and  the  NASA  CV-990 
systems.  This  permits  a  comparison  of  ice  concentration 
conditions  depicted  by  the  19  GHz  ESMR,  the  90  GHz  PMI, 
and  the  92  GHz  AMMS  single  frequency  imagers.  Figure  6 
shows  the  geographical  location  of  the  data  coverage;  the 
imagery  obtained  with  each  of  the  three  sensors  is  presented 
in  Plate  1 .  (Plate  1  can  be  found  in  the  separate  color  section 
in  this  issue.)  The  images  span  ice-free  and  ice-covered 
ocean  and  depict  ice  concentration  characteristics  both  at 
the  ••'lee  and  farther  into  the  pack. 

The  differences  in  ice  concentration  seen  in  the  19-,  90-, 
and  92-GHz  images  in  Plate  1  reflect  the  varied  ice  surface 
conditions  on  this  day.  The  surface  air  temperature  in  the 
area  at  the  time  of  the  overflights  was  -0.5°C,  as  recorded 
by  the  Polarqueen  drift  station,  and  the  existing  snow  cover 
not  uniformly  wet  or  deep.  In  addition,  snow  showers  were 
depositing  dry  snow  on  the  ice  in  the  northwest  corner  of  the 
area.  The  two  high-frequency  instruments  measured  lower 
brightness  temperatures  and  therefore  lower  ice  concentra¬ 
tions  in  this  region;  in  certain  cases  the  brightness  tempera¬ 


tures  were  identical  to  those  of  open  water.  In  contrast,  the 
ESMR  data  show  this  area  as  mostly  ice-covered.  Appar¬ 
ently,  the  additional  snow  cover  caused  significant  volume 
scattering  at  the  high  frequencies,  resulting  in  reduced 
emission.  The  19-GHz  emission,  on  the  other  hand,  was  less 
affected  by  the  additional  snow  cover  because  the  snow 
grains  were  small  relative  to  the  wavelength  of  the  ESMR. 

June  29:  SAR,  PMI,  AP-580,  and  SP 

The  ice  concentration  conditions  in  this  area  3  days  later 
were  recorded  by  the  CV-580  SAR.  the  NRL  P-3  PMI. 
CV-580  aerial  photography,  and  the  helicopter-mounted 
spectral  photometer.  The  track  of  the  P3  shown  in  Figure  6 
indicates  the  general  area  of  common  coverage  for  these 
sensors.  Figure  7  shows  spectral  photometer  estimates  of  ice 
concentration  from  the  pack  to  the  ice  edge  as  a  function  of 
distance  from  the  Polarqueen.  The  two  curves  correspond  to 
two  legs  of  the  Polarqueen  helicopter  flight  on  June  29.  The 
first  began  at  about  1930  UT  and  proceeded  southerly  from 
Polarqueen  to  the  ice  edge;  the  second  return  leg  was 
located  approximately  5  km  to  the  west  of  the  outbound  leg 
[Hall,  1984}.  The  concentration  values  in  Figure  7  represent 
mean  ice  concentration  in  a  circular  area  approximately  2000 
m  in  radius  with  considerable  overlap  of  footprints  along  the 
transect.  Narrow  bands  of  open  water  or  compact  floes 
therefore  cause  only  small  changes  in  the  calculated  concen¬ 
trations,  resulting  in  relatively  smooth  profiles.  The  mean 
spatial  variability  within  and  between  the  two  profiles  is  of 
the  order  of  10%  in  the  region  from  the  ship  to  approximately 
43  km  toward  the  edge.  The  profiles  indicate  that  ice 
concentration  both  parallel  and  perpendicular  to  the  ice  edge 
is  fairly  uniform  at  a  scale  of  a  few  kilometers.  Near  the  edge 
these  data  show  a  drop  in  the  ice  concentration  from  80%  to 
20%  in  a  distance  of  15  km. 

Earlier  in  the  day,  at  approximately  0430  UT.  the  NRL  P-3 
collected  low-level  (high  resolution)  passive  microwave  im¬ 
agery  on  a  track  between  and  paralleling  the  helicopter 
transects.  The  CV-580  collected  both  SAR  imagery  and 
aerial  photography  over  the  PMI  track  approximately  12 
hours  later.  Plate  2  shows  PMI  and  SAR  imagery  of  the 
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TABLE  4.  Concentration  Estimates  for  June  29:  9-knv  Areas 


Area 

PMI.  % 

SAR.  % 

Aerial  Photo.  % 

Spectral 
Photometer.  %+ 

N 

66  ±  30 

73  ±  17 

79  *  19 

A 

61  ±  28 

73-11 

79 

B 

71  »  31 

69  ±  24 

78 

C 

66  ±  25 

60  £  20 

50 

D 

21  ±  21 

27  -  21 

18 

*<C%  =  <T,). 

^Average  C%  of  outbound  and  inbound  leg  profiles. 


portion  of  the  track  35-50  km  from  the  Polarqiteen :  Plate  3 
shows  an  area  10  km  north  of  Polarqueen  and  includes  aerial 
photography  as  well  as  PM1  and  SAR  imagery  (Plates  2  and 
3  can  be  found  in  the  separate  color  section  in  this  issue.)  In 
both  plates,  corresponding  images  are  each  approximately 
2.5  km  by  3.6  km  (9  km2)  in  size. 

The  PMI  images  are  color  coded  such  that  frozen  surfaces 
are  blue,  wet  surfaces  are  dark  green,  and  water  is  yellow 
orange.  Because  of  freezing  surface  temperatures,  the 
90-GHz  brightness  temperatures  for  ice  are  below  that  of 
water  (see  Figure  3c).  In  the  SAR  images,  floes  with  wet 
snow  cover  are  generally  dark.  But  small  areas  on  floes 
undergoing  melt  can  be  very  bright,  owing  to  the  combina¬ 
tion  of  increased  roughness  of  the  metamorphosed  snow  and 
the  high  dielectric  constant  of  water  [Onstott  et  al..  this 
issue].  Wet  surface  areas  within  floes  also  appear  dark  in  the 
aerial  photos,  but  these  features  have  relatively  low  contrast 
with  the  rest  of  the  ice  surface. 

The  high  resolution  of  the  SAR  and  PMI  imagery  made  it 
possible  to  identify  floes  and  define  comparable  areas  for  the 
calculation  of  ice  concentrations.  A  comparison  of  the 
images  in  Plate  2  shows  that  the  SAR  and  PMI  areas  do  not 
match  exactly.  The  ice  field  configuration  near  the  edge 
changed  appreciably  in  the  12  hours  separating  the  data  sets, 
closing  up  around  35  km  south  of  the  ship  and  opening  up  at 
45-50  km  south.  The  discrepancy  between  SAR  and  PMI 
images  is  greatest  for  area  A.  Deformation  appears  to 
decrease  with  increasing  distance  from  the  edge;  Plate  3 
shows  that  10  km  north  of  Polarqueen,  floes  are  in  nearly  the 
same  configuration  in  images  from  both  sensors. 

Concentration  estimates  were  calculated  for  the  four  im¬ 
age  pairs  shown  in  Plate  2,  the  three  images  in  Plate  3,  and 
the  corresponding  locations  in  the  spectral  photometer  pro¬ 
files.  Table  4  gives  the  results  for  these  five  areas.  Each 
spectral  photometer  estimate  represents  an  area  of  approx¬ 
imately  12  km2.  The  values  from  the  imaging  sensors  for 
each  9-km2  image  are  the  mean  and  standard  deviation  of 
estimates  of  ice  concentration  in  0.25-km2  subareas  (40 
subareas  per  image).  For  each  subarea,  the  PMI  estimate  is 
calculated  from  the  mean  brightness  temperature  of  all  10-m 
pixels  within  the  subarea  (equation  (1)),  whereas  the  SAR 
and  AP  estimates  are  the  mean  of  concentrations  calculated 
on  a  pixel-by-pixel  basis  (equation  (4)). 

Table  4  shows  that  the  profile  and  the  image  data,  although 
not  exactly  coincident,  indicate  approximately  the  same 
general  fall-off  in  ice  concentration  from  the  ship  to  the  edge. 
For  the  four  specific  areas  compared  in  the  Table  4.  the 
spectral  photometer  and  microwave  estimates  are  within  the 
10%  spatial  variability  observed  in  the  photometer  profiles 
(Figure  7).  A  comparison  between  spectral  photometer  mea¬ 


surements  made  earlier,  on  June  25.  and  several  manual 
measurements  from  simultaneously  obtained  photography 
yielded  agreement  to  about  2%.  certainly  within  the  ex¬ 
pected  accuracy  of  the  manual  measurements.  Uncertainties 
in  the  spectral  photometer  estimates  are  attributed  to  either 
the  presence  of  open  water  in  the  field  of  view  of  the 
photometer  for  the  scene  used  as  the  tie  point  for  100%  ice. 
or  to  the  variability  of  the  pond  reference  albedos  at  each 
wavelength. 

Estimates  in  Table  4  from  the  two  microwave  sensors 
show  quite  good  agreement,  with  an  rms  difference  for  the 
five  areas  of  7.4%  in  ice  concentration.  Differences  in  these 
estimates  appear  to  be  independent  of  the  level  of  concen¬ 
tration;  the  discrepancy  for  the  area  near  the  ice  edge  with 
approximately  20%  concentration  is  about  the  same  as  that 
for  areas  with  approximately  70%  concentration.  Some  of 
the  difference  is  clearly  due  to  deformation  of  the  ice  field  in 
the  time  period  separating  the  two  data  sets.  This  is  probably 
the  main  contributor  to  the  discrepancy  between  estimates 
for  area  A.  However,  the  discrepancy  is  also  relatively  large 
for  area  N.  10  km  north  of  Polarqueen.  where  the  SAR  and 
PMI  images  are  closely  matched  and  ice  motion  effects  are 
relatively  small. 

Agreement  between  sensor  estimates  is  influenced  by 
surface  melt  features  and  variations  in  snow  cover  wetness 
within  and  between  floes.  For  example  small  areas  undergo¬ 
ing  melt  appear  prominently  on  floes  in  the  SAR  and  PMI 
images  of  area  A  (Plate  2).  Since  their  brightness  tempera¬ 
ture  at  90  GHz  (200  K)  is  intermediate  between  ice  and 
water,  their  effect  is  to  reduce  the  PMI  ice  concentration 
estimate  for  the  scene.  In  the  SAR  image  these  same  features 
appear  brighter  than  the  surrounding  ice  surface,  so  that  the 
SAR  estimates  are  unaffected  by  the  presence  of  these  small 
features. 

The  low  PMI  estimate  relative  to  the  SAR  for  area  N  in 
Table  4  and  Plate  3  indicates  the  combined  effect  on  the  PMI 
algorithm  of  melt  features  and  the  large  number  of  small  floes 
in  this  area.  Note  that  the  very  small  floes  in  this  area  are 
well  defined  in  the  aerial  photography  and  give  bright  returns 
in  the  SAR  imagery.  But  in  the  90-GHz  PMI  image  in  Plate 
3.  these  small  floes  have  the  same  brightness  temperature  as 
open  water.  Coincident  NRL  19-GHz  profile  data  across  this 
scene  (not  presented  here)  also  indicate  more  ice  present 
than  is  visible  at  90  GHz.  showing  that  this  is  not  a  result  of 
the  time  difference  between  SAR  and  PMI  data  collections. 
In  contrast,  area  D  in  Plate  2  also  contains  small  floes,  but 
they  do  not  exhibit  this  very  warm  (open  water)  brightness 
temperature  in  the  PMI  image.  Table  4  indicates  much  better 
agreement  between  PMI  and  SAR  estimates  for  this  area. 

The  effect  of  snow  cover  wetness  is  generally  to  reduce 
the  concentration  estimates,  and  more  so  for  the  microwave 
sensors  relative  to  aerial  photography  as  seen  from  Table  4. 
Wetter  areas  on  the  large  floe  in  area  C  in  Plate  2.  for 
example,  are  dark  in  the  PMI  image  and  have  relatively  dark 
signatures  in  the  SAR  image  as  well.  The  corresponding 
SAR  and  PMI  estimates  in  Table  4  will  therefore  be  under¬ 
estimates  of  the  actual  ice  concentration  in  this  area.  Table  4 
also  shows  that  the  SAR  estim-ie  of  concentration  fer  the 
area  shown  in  Plate  3  is  low  relative  to  the  aerial  photogra¬ 
phy  estimate.  This  is  due  primarily  to  the  effect  of  low  radar 
signatures  on  the  SAR  algorithm  and  not  to  floe  motions,  as 
these  data  were  obtained  within  20  min  of  each  other. 
Examining  Plate  3.  one  observes  floes  which  have  much 
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lower  signatures  than  others  in  the  SAR  image  but  which 
have  approximately  the  same  image  intensity  in  the  aerial 
photo. 

June  30:  SAR,  ESMR.  and  AP-990 

On  June  30  the  CV-580  and  the  NASA  CV-990  collected 
microwave  data  over  the  southern  area  within  a  period  of  5 
hours.  Figure  6  shows  the  track  of  the  coincident  coverage 
used  in  this  study.  Because  of  their  relatively  low  resolution, 
the  passive  microwave  data  were  registered  with  the  SAR 
data  via  down-looking  aerial  photographs  taken  by  the 
CV-990  coincident  with  the  ESMR  observations.  Areas 
containing  approximately  the  same  floes  in  the  same  config¬ 
uration  were  identified  in  the  SAR  imagery  and  the  photog¬ 
raphy.  and  the  corresponding  ESMR  data  were  then  deter¬ 
mined  from  the  center  time  of  the  photography  for  a  given 
area. 

Figure  8  shows  the  down-looking  aerial  photographs  from 
the  CV-990  for  the  six  12  km  by  3  km  areas  identified  for  this 
comparison.  As  can  be  seen  from  the  photographs,  the  areas 
represent  a  range  of  different  floe  size  and  ice  concentration 
combinations.  Plate  4  shows  the  corresponding  ESMR  and 
SAR  imagery  for  the  six  areas.  (Plate  4  can  be  found  in  the 
separate  color  section  in  this  issue.)  Note  that  at  19  GHz  the 
brightness  temperature  of  ice  is  higher  than  that  of  the  water. 
A  comparison  of  the  three  sets  of  imagery  shows  that 
although  the  ESMR  resolution  is  not  sufficient  for  detailed 
registration  with  the  SAR  imagery,  floes  can  be  recognized 
which  will  aid  in  understanding  the  ice  concentration  results. 

The  grids  superimposed  on  the  aerial  photos  in  Figure  8 
define  the  3  km  by  3  km  areas  considered  in  this  comparison. 
As  with  the  June  29  data,  concentration  estimates  were 
derived  for  0.25-knr  subareas  in  order  to  obtain  the  mean 
and  standard  deviation  of  the  ice  concentration  for  the  9-km* 
areas.  Table  5  gives  the  results  of  the  ice  concentration 
calculations.  These  results  indicate  an  rms  difference  of  15% 
between  aerial  photo  and  ESMR  ice  concentration  estimates 
for  these  areas.  The  rms  differences  between  SAR  and 
ESMR  estimates  (14%)  or  SAR  and  AP  estimates  (13%)  are 
not  significantly  different,  even  though  the  elapsed  time 
between  data  collections  allowed  the  ice  field  configuration 
to  change  (compare  Figure  8  and  Plate  4).  Examination  of 
Table  5  shows  that  the  range  of  values  for  estimates  derived 
from  the  aerial  photography  is  greater  than  that  for  estimates 
derived  from  the  microwave  data.  Also,  the  standard  devi¬ 
ation  associated  with  each  estimate  is  greater  for  the  pho¬ 
tography  in  all  but  five  cases  for  the  ESMR  and  in  all  but 
seven  cases  for  the  SAR.  These  effects  are  due  to  the  higher 
resolution  and  ice-water  contrast  of  the  aerial  photography. 
Also  note  that  for  all  three  sensors  the  standard  deviations 
are  generally  lower  in  areas  of  very  high  and  very  low  ice 
concentration  than  in  those  of  intermediate  concentration,  as 
expected  from  the  signature  distributions  in  such  areas. 

Figure  9  shows  these  results  plotted  for  each  sensor  pair. 
The  amount  of  scatter,  measured  in  terms  of  the  mean 
deviation  from  the  45°  line,  is  similar  in  each  case  (around 
7.5%).  and  linear  regression  of  these  data  gives  a  relatively 
high  correlation  coefficient  of  0.89  for  ail  three  of  the 
relationships.  The  plots  also  show  that  sensor  agreement 
depends  on  ice  concentration  value.  Figures  9 a  and  9b 
indicate  that  the  ESMR  estimates  are  high  in  relation  to 
those  of  the  other  two  sensors,  especially  at  low  concentra¬ 
tions.  The  linear  regression  also  suggested  a  positive  bias  in 


the  ESMR  estimates,  as  well  as  a  slightly  smaller  positive 
bias  in  the  SAR  estimates  relative  to  the  aerial  photography 
as  can  be  seen  in  Figure  9c.  The  observed  biases  in  the  ice 
concentration  estimates  are  in  pan  a  result  of  the  different 
resolutions  of  the  sensors  and.  in  the  case  of  the  aerial 
photography,  the  higher  ice-water  contrast.  In  addition,  the 
effects  of  nonuniform  imaging  geometry  and  signature  vari¬ 
ations  on  sensor  estimates  also  contribute  to  the  observed 
discrepancies. 

The  effects  of  nonuniform  imaging  geometry  are  most 
severe  in  the  SAR  data  but  also  occur  in  the  aerial  photog¬ 
raphy.  Because  the  SAR  operates  in  a  side-looking  mode, 
not  all  points  in  an  image  are  equally  distant  from  the  radar, 
and  areas  further  away  will  return  less  power.  In  addition, 
radar  return  from  the  ice  and  water  surfaces  is  a  decreasing 
function  of  incidence  angle  (Figure  2).  which  increases  w  ith 
range.  Although  these  effects  are  minimized  by  careful 
choice  of  data  collection  parameters,  some  image  intensity 
fall-off  across  the  scene  will  exist.  This  fall-off  is  seen  in  the 
SAR  image  of  area  6  in  Plate  4  where  the  ice  signature  at  the 
top  of  the  image  is  much  lower  than  that  at  the  bottom.  This 
results  in  estimates  of  less  than  100%  for  the  ice-covered 
areas  and  is  partly  responsible  for  the  behavior  of  the  scatter 
diagrams  in  Figures  9b  and  9r  where  points  in  the  upper  right 
on  the  plot  fall  below  the  45°  line.  Nonuniform  antenna 
illumination,  which  is  responsible  for  the  fall-off  in  the 
opposite  direction  seen  in  area  5  of  Plate  4.  produces  similar 
results.  In  the  case  of  the  aerial  photography  data,  vignetting 
(or  limb  darkening)  presents  a  problem  for  calculating  accu¬ 
rate  ice  concentration  estimates.  Although  this  affects  a  very 
small  portion  of  the  data,  it  can  be  significant.  In  area  5a.  for 
example.  Figure  8  shows  100%  ice  cover,  but  the  calculated 
concentration  value  given  in  Table  5  is  only  79%. 

Signature  variations  leading  to  discrepancies  in  both  the 
ESMR  and  the  SAR  estimates  result  primarily  from  variabil¬ 
ity  in  ice  surface  conditions.  In  the  SAR  image  for  area  6  in 
Plate  4.  for  example,  the  relative  intensities  of  floes  (at  the 
same  radar  range)  within  this  single  scene  vary  by  25%  of  the 
mean.  Although  the  SAR  algorithm  uses  the  mean  ice 
intensity  as  a  tie  point  to  account  for  signature  variations, 
floes  with  low  radar  cross  section  do  not  contribute  a  value 
of  100%  to  the  concentration  estimate.  In  the  ESMR  image 
of  this  area,  the  brightness  temperatures  of  large  floes  vary 
by  ±15  K  or  about  25%  of  the  mean,  equivalent  to  the 
variation  seen  with  the  SAR.  With  the  ESMR  algorithm  tied 
to  the  highest  temperature,  low  ice  concentration  estimates 
result  for  the  consolidated  ice  areas  with  low  brightness 
temperatures.  For  the  ESMR  estimates,  scene-to-scene  vari¬ 
ations  are  also  important  because  the  algorithm  uses  a  single 
tie  point  for  all  scenes.  For  example,  relatively  low  estimates 
are  obtained  for  areas  2d  and  3a  (see  Table  5)  because  floes 
in  these  areas  have  lower  brightness  temperatures  than  the 
large  floe  in  area  5,  which  was  used  as  the  algorithm  tie 
point. 

Signature  variations  due  to  weather  effects  influence  ice 
concentration  estimates  from  the  aerial  photography  and.  to 
a  lesser  extent,  from  the  ESMR.  Over  open  water,  surface 
roughness  and  atmospheric  opacity  will  increase  the  bright¬ 
ness  temperature  and  result  in  relatively  high  ESMR  esti¬ 
mates.  Cloud  cover  is  the  primary  problem  for  the  aerial 
photography.  Although  the  effect  of  the  cloud  cover  seen  in 
areas  5  and  6  of  Figure  8  is  not  discemable  from  the 
estimates  in  Table  5.  it  may  be  responsible  for  some  of  the 
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TABLE  5.  Concentration  Estimates  (C'T  i  <r<)  for  June  30:  9* 
km;  Areas 


Area  SAR  Aerial  Photography  ESMR 


la 

76 

* 

26 

66 

26 

87  -  II 

lb 

88 

£ 

7 

96 

£ 

6 

89-8 

1c 

76 

£ 

14 

72 

£ 

8 

78  -  9 

Id 

87 

£ 

5 

53 

£ 

17 

74  —  9 

2a 

II 

£ 

12 

17 

£ 

14 

41  -  10 

2b 

21 

£ 

16 

21 

£ 

15 

37  -  II 

2c 

47 

-4- 

16 

45 

£ 

24 

47  r  10 

2d 

67 

± 

20 

73 

22 

59  -  9 

3a 

85 

£ 

14 

91 

£ 

13 

85  -  15 

3b 

61 

£ 

23 

60 

± 

32 

65  -  16 

3c 

58 

£ 

16 

34 

£ 

28 

55  =  14 

3d 

32 

£ 

20 

41 

± 

22 

54  -  12 

4a 

27 

£ 

22 

20 

£ 

20 

8  ±  8 

4b 

8 

£ 

4 

3 

£ 

9 

7  ±  8 

4c 

II 

£ 

9 

4 

£ 

10 

10-8 

4d 

19 

£ 

22 

13 

£ 

26 

19  -  15 

5a 

82 

£ 

3 

79 

£ 

19 

81  =  24 

5b 

69 

£ 

21 

96 

£ 

12 

73  -  30 

5c 

54 

£ 

25 

78 

£ 

38 

66  ±  33 

5d 

58 

£ 

15 

65 

£ 

23 

75  ±  18 

6a 

50 

£ 

24 

51 

£ 

32 

63  -  22 

6b 

30 

17 

44 

£ 

28 

46  *  15 

6c 

65 

£ 

32 

57 

39 

56  -  23 

6d 

31 

£ 

27 

28 

31 

56  -  23 

discrepancy  between  ESMR  and  aerial  photography  esti¬ 
mates  in  these  areas. 


June  30:  SAR,  AMMR,  and  AP-580 

Four  areas  of  6  km2  in  size  were  identified  for  the 
SAR-AMMR-AP  comparison.  These  data  were  registered  in 
the  same  manner  as  in  the  SAR-ESMR  comparison  by  using 
the  CV-990  photography  taken  coincident  with  the  AMMR 
observations  to  determine  corresponding  AMMR  and  SAR 
areas.  But  because  this  AMMR-coincident  photography  is 
oblique  (45°  off  nadir)  and  therefore  distorted,  it  was  used 
only  in  the  registration  process;  ice  concentrations  used  in 
the  comparison  were  calculated  from  CV-580  down-looking 
aerial  photography  collected  on  this  flight.  Common  cover¬ 
age  by  these  three  sensors  was  limited  so  that  the  sample  for 
comparison  is  restricted  both  in  size  and  in  the  range  of 
concentration. 

Table  6  presents  the  results  of  the  AMMR,  SAR,  and 
aerial  photography  ice  concentration  calculations.  In  this 
case  the  agreement  between  the  active  and  passive  micro- 
wave  sensors  is  excellent:  the  rms  difference  is  3.5%  for  the 
four  areas.  However,  the  agreement  with  the  aerial  photog¬ 
raphy  is  not  as  good:  the  rms  difference  is  16%  between  the 
SAR  and  the  aerial  photography,  which  were  taken  near- 
simultaneously,  and  15%  between  the  AMMR  and  the  aerial 
photography.  Figure  10  shows  a  scatter  diagram  of  AMMR 
and  SAR  estimates  versus  aerial  photography  estimates.  The 
additional  cases  of  SAR-AP  comparison  shown  in  the  figure, 
taken  from  the  total  area  of  coincident  coverage  near  the 
AMMR  locations,  improve  the  agreement  between  these 
sensors  and  reduce  the  rms  difference  to  13%. 

The  good  agreement  between  the  active  and  passive 
microwave  estimates  may  be  fortuitous  given  the  small 
number  of  sample  areas.  However,  the  lower  standard 
deviations  for  the  AMMR  seen  in  Table  6  are  significant  and 
may  be  attributable  in  part  to  the  multifrequency, 
multipolarization  algorithm  used  with  the  AMMR  data.  In 


contrast  to  the  single-channel  algorithms,  the  AMMR  algo¬ 
rithm  identifies  more  than  one  ice  type  as  distinct  from  open 
water,  thereby  effectively  taking  into  account  the  variability 
in  ice  signatures  due  to  surface  melt  and  other  effects.  This 
is  indicated  by  the  lower  standard  deviations  for  AMMR 
compared  with  ESMR:  means  of  the  standard  deviations 
from  Table  6  are  5.6  versus  17.5  from  Table  5. 

This  availability  of  more  than  one  channel  in  the  passive 
data  also  may  be  responsible  for  the  relatively  good  agree¬ 
ment  with  the  aerial  photography  for  most  areas.  In  the  case 
of  area  B.  where  the  agreement  between  the  microwave 
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MEAN  CONCENTRATION— AERIAL  PHOTO 
Fig.  9.  Scatter  diagrams  of  concentration  estimates  from  the 
June  30  SAR-ESMR- AP  comparison.  Each  square  represents  mean 
concentration  over  a  9-km2  area,  (a)  ESMR  versus  aerial  photogra¬ 
phy;  mean  deviation  *  8.6%.  ( b )  SAR  versus  ESMR;  mean  devia¬ 
tion  *  7.4%.  (c)  SAR  versus  aerial  photography;  mean  deviation  * 
6.5%. 
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TABLE  6. 

Concentration  Estimates  <C% 
km:  Areas 

-  crj  for  June  30:  6- 

Area 

AMMR 

SAR 

Aerial  Photography 

A 

52  ±  6 

55  2:  15 

42  2:  13 

B 

56  ±  6 

56  2:  17 

83  2:  13 

C 

51  =  7 

47  2:  17 

51  2:  26 

D 

45  ±  3 

50  ±  21 

42  r  24 

sensors  and  aerial  photography  is  poorest,  examination  of 
the  photography  shows  that  approximately  half  of  the  scene 
consists  of  a  single  consolidated  ice  floe.  Dark  features  on 
the  floe  suggest  first-year  ice  with  little  snow  cover.  In  the 
SAR  image  the  floe  has  relatively  low  radar  return,  indicat¬ 
ing  a  wet  surface.  These  surface  conditions  apparently  have 
sufficient  influence  on  the  microwave  properties  to  result  in 
low  concentration  estimates  for  both  the  SAR  and  the 
AMMR.  Comparing  only  the  other  three  areas,  the  rms 
difference  between  the  AMMR  concentration  and  that  from 
the  photography  is  improved  from  15%  to  6%. 

Discussion 

The  three  main  objectives  of  this  comparison  study  of  ice 
concentration  estimates  were  as  follows:  (1)  to  determine 
how  well  estimates  produced  by  different  sensors,  especially 
microwave  sensors,  agree  in  a  MIZ  summer  situation;  (2>  to 
look  for  trends  in  the  level  of  agreement  as  a  function  of  ice 
field  characteristics  and  sensor  parameters;  and  (3)  to  iden¬ 
tify  reasons  for  discrepancies.  The  results  presented  in  the 
preceding  section  cover  a  sufficiently  wide  range  of  ice  field 
and  sensor  characteristics  as  to  allow  meaningful  sensor 
evaluation.  In  addition,  by  using  high-resolution  aircraft 
images  it  is  possible  to  gain  an  understanding  of  the  perform¬ 
ance  of  the  algorithms  under  identifiable  surface  conditions. 

Comparison  of  the  microwave  results  indicates  that  the 
active  and  passive  microwave  estimates  agree  to  within  15% 
(rms)  in  ice  concentration.  Considering  ail  the  9-km2  areas 
compared  in  this  study,  the  rms  difference  between  active 
and  passive  estimates  was  13%.  These  estimates  are  all 
derived  with  single-channel  linear  algorithms.  The  9.4-GHz 
SAR  appears  to  perform  slightly  better  relative  to  the 
90-GHz  PMI  than  to  the  19-GHz  ESMR,  with  rms  differ¬ 
ences  of  7.4%  and  14%,  respectively.  However  the  compar¬ 
ison  of  the  19-,  90-.  and  92-GHz  mosaic  data  shows  that  the 
lower  frequency  gives  a  better  representation  of  ice  cover  in 
the  MIZ,  especially  when  surface  conditions  in  the  scene 
include  both  wet  and  dry  snow  cover.  Active  and  passive 
estimates  show  better  agreement  when  a  multichannel  algo¬ 
rithm  is  used  with  the  passive  microwave  data,  reducing  the 
rms  difference  to  3.5%. 

With  respect  to  the  visible  sensors,  ice  concentration 
estimates  from  aerial  photography  show  approximately  the 
same  agreement  with  passive  microwave  estimates  from  the 
ESMR  (15%  rms  difference)  and  with  the  SAR  estimates 
(13%  rms  difference)  for  cases  where  near-simultaneous  data 
are  compared.  Ice  concentration  estimates  from  the  micro- 
wave  sensors  are  also  in  general  agreement  with  spectral 
photometer  measurements.  Although  spectral  photometry  is 
not  as  suited  for  monitoring  applications  as  the  microwave 
sensors  because  of  weather  limitations,  it  does  present  a 
good  alternative  method  to  aerial  photography,  in  situations 
where  large  area  means  are  useful,  as  it  involves  none  of  the 


interpretation  or  computational  effort  associated  with  digi¬ 
tizing  photographs. 

In  addition  to  sensor  type  and  frequency,  sensor  resolu¬ 
tions  affects  the  agreement  of  ice  concentration  estimates. 
This  is  best  illustrated  with  the  ESMR-AP  comparison. 
Because  of  the  higher  resolution  of  the  aerial  photography, 
areas  of  all  ice  or  all  water  are  better  discriminated,  so  that 
the  range  of  concentration  values  obtained  is  much  greater. 
This  resolution  effect  is  responsible  in  part  for  the  bias  in  the 
ESMR  results  relative  to  the  aerial  photography  such  that  at 
low  concentrations  of  ESMR  estimates  are  relatively  high 
and  at  high  concentrations  they  are  relatively  low.  This  same 
trend  is  observed  in  ice  concentration  estimates  from  the 
ESMR  relative  to  those  from  the  higher  resolution  SAR. 

From  the  results  in  the  previous  section  it  is  clear  that 
ice-water  contrast  and  ice  signature  variability  are  major 
factors  in  the  discrepancies  observed  between  sensor  esti¬ 
mates.  These  factors  contribute  to  the  trend  in  ESMR  versus 
AP  and  ESMR  versus  SAR  estimates  discussed  above.  For 
although  the  ice  concentration  algorithms  are  formulated  to 
account  for  the  mixed  pixel  effect,  large  resolution  cells  will 
encompass  more  spatial  variation  and  therefore  introduce 
more  ambiguity  into  the  determination  of  the  actual  ice  and 
water  contributions.  The  effect  of  the  less  ambiguous  ice 
signature  in  the  aerial  photography  is  best  demonstrated  by 
comparing  estimates  derived  at  the  same  resolution.  The 
comparison  between  SAR  and  aerial  photography  estimates 
showed  a  bias  similar  to  that  seen  in  the  ESMR-AP  compar¬ 
ison,  indicating  that  at  low  concentrations,  speckle  noise  and 
side-lobe  effects  in  the  SAR  data  result  in  relatively  high 
estimates  and  that  at  high  concentrations.  SAR  ice  signature 
variability  results  in  relatively  low  estimates  of  the  concen¬ 
tration.  To  demonstrate  this  effect  with  the  passive  micro- 
wave  data,  ESMR  estimates  were  compared  with  estimates 
derived  from  aerial  photo  data  averaged  to  j  km  by  4  km 
pixels.  For  area  3  the  rms  difference  between  estimates  is 
12.4%  using  the  aerial  photo  data  with  ^-km  pixels,  com¬ 
pared  to  12.6%  from  the  calculation  using  3-m  pixels  (Table 
5).  The  small  change  indicates  that  the  discrepancy  between 
sensor  estimates  is  due  primarily  to  differences  in  ice-water 
contrast  and  signature  uniformity  and  not  to  resolution. 


MEAN  CONCENTRATION— AERIAL  PHOTO 

Fig.  10.  Scatter  diagram  of  ice  concentration  estimates  for  SAR 
(open  squares)  and  AMMR  (solid  circles)  versus  CV-580  aerial 
photography.  Each  symbol  represents  mean  concentration  over  a  6 
km1  area.  Mean  deviation  for  SAR  versus  AP  »  7.8%;  mean 
deviation  for  AMMR  versus  AP  -  7.2%. 
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Previous  studies  have  also  noted  this  influence  of  surface 
conditions  on  the  microwave  sensor  estimates  of  ice  concen¬ 
tration.  For  example,  in  their  discussion  of  the  results  of  the 
multichannel  passive  microwave  algorithm  applied  to  Nim¬ 
bus  7  scanning  multichannel  microwave  radiometer  (SMMR) 
data,  Cavalieri  et  al.  [1984]  attribute  the  observed  standard 
deviation  in  ice  concentration  in  summer  to  the  presence  of 
wet  surface  and  melt  ponds  and  to  temperature-dependent 
variations  in  emissivity.  On  the  basis  of  his  analysis  of 
Seasat  SAR  and  scatterometer  data,  Carsey  [1985]  suggests 
that  surface  condition  variations  dominate  the  ice  signatures 
to  such  an  extent  that  area!  concentration  can  not  be  derived 
from  these  data.  Whereas  the  1.2-GHz  Seasat  SAR  data 
show  ice  signatures  with  a  wider  range  than  the  mean 
ice-water  contrast,  the  higher-frequency  SAR  data  used  in 
this  study  show  a  greater  ice-water  contrast  and  less  surface 
variability,  making  concentration  estimates  possible.  As  in 
the  passive  microwave  case,  this  variability  in  ice  signatures 
affects  the  ice  concentration  estimates  only  at  very  high  and 
very  low  concentrations. 

The  other  factor  that  could  contribute  to  discrepancies  in 
ice  concentration  estimates  is  the  nonsimultaneous  imaging 
of  the  scene  by  sensors  on  different  platforms.  However,  in 
general  this  does  not  represent  a  major  constraint  on  our 
ability  to  compare  ice  concentration  estimates  for  three 
reasons.  First,  with  the  use  of  high-resolution  aircraft  imag¬ 
ery  it  is  possible  to  identify  individual  floes  and  define  areas 
that  are  closely  if  not  precisely  comparable.  Second,  this 
effect  is  minimized  by  basing  the  comparisons  on  the  mean 
and  standard  deviation  of  concentration  estimates  derived 
from  0.25-km2  subareas  within  the  9-km2  areas  defined.  This 
is  illustrated  by  the  PMI-SAR  comparison.  The  rms  differ¬ 
ence  for  all  subarea  estimates  is  26%.  whereas  that  for  the 
full  area  estimates  is  only  7.4%,  indicating  that  over  the 
9-km2  sample  area,  floe  motion  effects  average  out.  And 
third,  even  when  registration  of  imagery  is  optimal  as  in  the 
case  of  simultaneous  down-looking  photography,  significant 
discrepancies  exist  due  to  other  factors.  In  the  PMI-SAR 
comparison,  a  large  discrepancy  is  observed  for  the  area 
where  coverage  most  closely  agrees.  On  the  other  hand, 
estimates  from  simultaneously  collected  ESMR  and  aerial 
photography  data  show  a  mean  deviation  comparable  to  that 
for  the  ESMR  and  SAR  estimates  which  were  obtained  from 
data  collected  5  hours  apart. 

Concluding  Remarks 

This  comparative  analysis  has  shown  that  aircraft  SAR 
and  passive  microwave  estimates  of  ice  concentration  in  the 
summer  MIZ  agree  to  13%  rms.  These  estimates  were 
derived  using  single-channel  19-GHz  and  90-GHz  passive 
microwave  data  and  9.4-GHz  SAR  data  in  linear  ice  concen¬ 
tration  algorithms.  Agreement  with  ice  concentrations  cal¬ 
culated  from  digital  aerial  photography  is  approximately  the 
same  (14%  rms  difference)  for  both  active  and  passive 
microwave  data  used  in  single-channel  algorithms.  The  use 
of  a  multichannel  passive  microwave  algorithm  provided  the 
smallest  rms  difference  with  concentrations  calculated  from 
the  aerial  photography. 

The  different  resolutions  of  the  sensors  produces  a  signif¬ 
icant  difference  in  their  estimates  of  ice  concentration  at  high 
and  low  concentration  values.  The  trend  observed  in  the 
estimates  from  passive  microwave  sensors  relative  to  those 
from  the  higher  resolution  SAR  is  such  that  at  low  concen¬ 


trations  the  passive  microwave  estimates  are  relatively  high 
and  at  high  concentrations  they  are  relatively  low.  A  similar 
bias  is  observed  for  the  microwave  estimates  relative  to 
those  from  aerial  photography  as  a  result  of  the  combination 
of  the  higher  resolution  atri  ice-water  contrast  of  the  pho¬ 
tography. 

Variations  in  surface  characteristics  such  as  wetness  and 
snow  cover  have  an  appreciable  effect  on  the  calculated  ice 
concentration  from  both  SAR  and  single-channel  passive 
microwave  algorithms.  The  use  of  the  high-resolution  micro- 
wave  image  data,  in  which  individual  floes  and  floe  features 
can  be  distinguished,  has  helped  identify  the  variability  in  ice 
surface  signatures  related  to  surface  conditions  as  the  pri¬ 
mary  cause  of  estimate  discrepancies.  These  variations  do 
not  greatly  affect  total  ice  concentration  calculated  with  the 
multichannel  passive  microwave  algorithm.  While  a 
multichannel  approach  might  be  pursued  in  the  future  to 
improve  SAR  estimates  as  well,  at  present,  further  research 
is  needed  with  single-channel  SAR  data  to  minimize  the 
effects  of  signature  variability  resulting  from  variations  in 
both  imaging  parameters  and  actual  surface  conditions. 

These  results  suggest  that  future  satellite  SARs.  with 
proper  image  calibration,  will  provide  ice  concentration 
estimates  that  can  be  compared  directly  with  those  obtained 
from  passive  satellite  instruments,  except  in  areas  of  very 
high  or  very  low  ice  concentrations.  In  these  areas  the  SAR 
will  have  an  advantage  over  the  passive  microwave  systems 
because  of  its  inherently  greater  spatial  resolution.  In  the 
near  future,  the  SSM/I,  which  with  its  frequency  and  polar¬ 
ization  diversity  will  make  use  of  the  multichannel  algorithm 
approach  that  appears  to  be  optimum  for  the  passive  data, 
and  the  ERS  1  SAR  will  provide  complementary  coverage  of 
ice  conditions  in  the  polar  regions.  Further  research  is 
needed  to  optimally  combine  active  and  passive  sensor  data 
for  estimating  ice  concentration. 
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Plate  1  I Burns  et  at.].  Passive  microwave  imagery  collected  on  June  26  over  the  Fram  Strait  MIZ. 
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Plate  2  [Bums  et  al.].  Active  (SAR)  and  passive  (PMI)  micro¬ 
wave  imagery  from  June  29  of  areas  35  km  (area  A),  40  km  (B),  45 
km  (C),  and  SO  km  (D)  south  of  Polarqueen. 


Plate  3  [Bums  et  al.].  Coverage  from  three  sensors  on  June  29  of  area  N  approximately  10  km  north  of  Polarqueen: 

(a)  SAR,  <W  PMI,  and  (c)  35-mm  aerial  cammera. 
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ABSTRACT 

Active  and  passive  microwave  and  physical 
property  measurements  were  made  of  Arctic  sea  ice 
In  the  marginal  ice  zone  during  the  sunnier  of 
1984.  Preliminary  results  of  an  Intercomparison 
of  data  acquired  by  an  aircraft  synthetic  aperture 
radar,  a  passive  microwave  image  and  a 
helicopter-mounted  scatterometer  Indicate  that 
early-to-mld  summer  sea  Ice  microwave  signatures 
are  dominated  by  snowpack  characteristics. 
Measurements  show  that  the  greatest  contrast 
between  thin  first-year  and  multiyear  sea  Ice 
occurs  when  operating  actively  between  5  and  10 
GHz.  Significant  Information  about  the  State  of 
melt  of  snow  and  Ice  Is  contained  In  both  the 
active  and  passive  microwave  signatures. 


I.  INTRODUCTION 

Measurements  of  the  microwave  signatures  of 
Arctic  sea  Ice  were  made  during  June  and  July  of 
1984  In  the  Fram  Strait  of  the  Greenland  Sea  In  an 
area  north  and  west  of  Spltzbergen  as  part  of  the 
Marginal  Ice  Zone  Experiment  (MIZEX)  [1].  In  this 
Investigation,  microwave  signatures  were  acquired 
from  the  start  of  summer  until  a  time  lamed!  ately 
after  peak  melt.  An  Important  aspect  of  MIZEX  was 
the  emphasis  placed  on  the  comparison  of 
coincident  active  and  passive  aircraft,  satellite, 
gnd  surface-based  in- situ  microwave  observations 
In  conjunction  with  Intensive  Ice  characterization 
measurements. 

The  goals  of  the  MIZEX  remote  sensing  program 
are  (1)  to  better  understand  sea  Ice  scattering 
and  emission  processes,  (2)  to  better  Interpret 
present  and  future  remote  sensing  observations, 

(3)  to  define  operating  parameters  as  well  as 
predict  performance  of  future  air-  and  space-borne 
sensors,  and  (4)  to  develop  algorithms  to  convert 
microwave  signal  data  Into  geophysical  processes 
Information.  In  the  MIZ,  as  well  as  In  the 
central  Arcttc,  the  geophysical  Information  of 
greatest  Interest  Includes:  (a)  Ice  age,  type. 


and  thickness;  (b)  Ice  concentration;  (c)  floe 
size;  (d)  Ice  sheet  and  snowpack  physical 
properties;  and  (e)  deformation  characteristics. 

II.  ICE  SCENE  AND  EXPERIMENT  DESCRIPTION 

During  MIZEX-84  the  major  sumer  sea  ice 
scenes  were  multiyear  (MY ) ,  thick  first-year 
(TFT),  medium  first-year  (MFY),  and  thin 
first-year  (ThFY).  Multiyear  is  sea  ice  which  has 
survived  at  least  one  summer's  melt.  It  has  an 
Ice  thickness  greater  than  ?.5  meters  and  during 
MIZEX-84  a  snowpack  thickness  which  ranged  from  35 
to  60  cm.  Thick  first-year  is  Ice  which  began 
growing  during  the  fall  and  has  a  thickness 
greater  than  120  cm  and  a  snowpack  thickness  of 
Z5-35  cm.  Medium  first-year  represents  a  class  of 
Ice  which  began  growing  late  In  the  season.  It 
has  a  thickness  of  70  to  1?0  cm  with  a  10-15  cm 
snowpack.  Thin  first-year  Ice  began  growing  very 
late  In  the  season  and  therefore  has  only  an  ice 
thickness  of  30  to  70  cm  and  a  snowpack  thickness 
of  Z-6  cm.  Note  that  snow  thickness  and  the 
various  Ice  types  observed  in  MIZEX-84  have  a  high 
degree  of  correlation. 

Ice  found  In  the  MIZEX  study  area  exhibits 
considerable  deformation  due  to  dynamic  forces 
experienced  prior  to  entering  the  Tiam  strait. 
Deformation  characterl sltlcs  include  a  significant 
number  of  ridges,  rubble.  Increased  surface  and 
sub-surface  topography,  and  increased  floe 
thickness.  Other  features  of  significance  on 
multiyear  and  thick  first-year  ice  are  regions  of 
surface  and  sub-surface  meltwater  pools,  and  areas 
of  flat  ice  and  mounds. 

During  this  Investigation  a  synthetic 
aperture  radar  (SAR)  operating  at  1.2  and  9.4  GHz 
with  3  meter  resolution  end  passive  microwave 
Imager  (PMI)  operating  at  19,  37,  90  and  94  GHz 
with  up  to  16  meter  resolution.  If  flown  at  low 
levels,  provided  synoptic  MIZ  coverage  by 
producing  80  km  x  80  km  mosaics.  The  SAR  data 
were  collected  at  Incident  angles  from  30  to  70 
degrees.  The  microwave  measurements  made  by  the 
scatterometer  are  at  a  similar  resolution,  an 
extended  range  of  viewing  angles  (0  to  70  degree 
Incident  angles)  and  at  frequencies  of  1.5.  5.?, 
9.6,  13.6  and  16.6  GHz.  Passive  microwave  images 
were  assembled  by  scanning  about  nadir.  Satellite 
Imagery  consisted  of  NIMOUS-7  SIV1R  (passive 
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microwave)  and  NOAA-7  AVHRR  (visual  and  Infrared). 
Nimbus-7  operates  at  6.6,  10.7,  18,  21,  and  37  GHz 
with  coverage  of  the  entire  Fram  Strait.  Aircraft 
passive  microwave  profiles  were  also  acquired  at 
these  frequencies.  Surface-based  radiometer 
measurements  were  made  at  angles  from  20  to  60 
degrees  and  at  6,  10,  18,  37,  and  90  GHz. 

Physical  property  Information  Includes  the 
physical  description  of  the  snotqrack  and  Ice 
sheet,  snow  wetness,  surface  roughness,  salinity 
profiles,  and  dielectric  constant  values. 

III.  DISCUSSION  OF  RESULTS 

Ourlng  summer,  the  state  of  the  sno*q>ack 
becomes  especially  Important.  Percolation  of  snow 
melt-water  onto  the  Ice  sheet  creates  either  a 
rough  superimposed  Ice-  or  slush-layer  depending 
on  environmental  conditioner  Furthermore,  during 
the  first  half  of  the  simmer,  the  high 
absorptivity  of  a  wet  snowpack  greatly  reduces  the 
overall  variability  In  sea  Ice  microwave 
signatures. 

The  ability  of  a  wet  snow  layer  to  temporarily 
mask  Ice  sheet  features  during  Sumner  has  been 
reported  previously  In  other  regions  [2,3].  The 
thickness  of  the  layer  of  wet  snow  required  to 
mask  sub-surface  topography  may  be  estimated  by 
taking  two  or  three  microwave  penetration  depths, 
found  as  a  function  of  snow  wetness  and  frequency 
(see  Figure  1).  It  Is  Important  to  note  that  the 
distance  traveled  Into  wet  snow  before  complete 
absorption  Is  easily  two  orders  of  magnitude  less 
than  In  dry  snow. 


Figure  1.  Penetration  depth  for  wet  snow 

between  1  GHz  and  37  GHz,  calculated 
from  experimental  data. 


Additionally,  there  is  a  significant 
reduction  In  the  ability  to  penetrate  either  wet 
or  dry  snow  as  frequency  increases  and  as  snow 
acquires  a  very  modest  wetness  (for  example,  2-4X 
wetness  by  volume).  Hence  during  early  to  mid 
suamer  and  at  frequencies  above  10  GHz  much  of  the 
Information  about  homogeneous  Ice  scenes  Is 
derived  from  the  physical  and  electrical 
properties  In  the  snowpack' s  top  several 
centimeters.  The  freezing  of  the  upper  few 
centimeters  of  the  snowlayer,  and  the  way  melt 
water  accumulates  on  the  Ice  sheet  which  Is 
controlled  by  the  large  scale  topography,  also 
contribute  to  an  Ice  sheet's  microwave  signature. 

In  the  case  of  thinner  Ice,  the  Increased 
small  scale-surface  roughness  due  to  a 


superimposed  Ice  layer  at  the  snow-ice  interface 
Is  a  key  contributor  to  the  backscatter  cross 
section. 

On  June  29  SAR  (ER1M  CV-580)  "daytime*  and 
PHI  (NRl  P-3)  "nighttime*  data  were  collected  of 
an  area  about  the  HIZEX  drift  ship.  In  Figure  2  a 
subset  of  these  data  Is  shown  with  an  aerial 
photograph  for  the  visual  Intercomparison  of 
specific  Ice  features. 

An  Inventory  of  sea  Ice  signatures  In  the  MIZ 
has  been  made  and  Includes:  (a)  the  mixture  of 
brash  Ice  and  small  floes;  (b)  refrozen  ThFY 
leads;  (c)  MFY  ice,  often  found  as  one  of  the  Ice 
types  In  large  floes;  (d)  regions  of  very  heavy 
snow  cover  found  In  severely  deformed  areas  on  MY 
or  TFY  Ice;  (e)  pressure  ridges;  (f)  sub-surface 
melt  pools;  and  (g)  open  water  either  In  surface 
melt  pools  or  between  floes. 

Relative  radar  backscatter  cross  section 
ratios  and  brightness  temperatures  from 
measurements  made  at  the  start  of  the  peak  melt 
period  have  been  calculated  using  SAR, 
scatterometer  and  PHI  data  and  are  presented  In 
Table  1.  The  cross  section  ratios  are  presented  In 
dB  and  referenced  to  open  water.  The  brightness 
temperatures  are  referenced  to  nadir. 

Table  I. 

Rader  Backscatter  Cross-Section  Ratios  at  35* 

In el Kent  Angle  and  Brightness  Tewoeratures 
at  0*  Incidence  Angle  for  Sumer  Sea  Ice 


Backscatter  Cross-Section  Ratios  (dB) 

i«  (V) 

l.Z 

5.3 

9.4 

13.6 

16.  6 

90.0 

Brash 

11.0 

1Z.0 

13.5 

.... 

-** 

205 

n#v 

7.5 

11.5 

15.0 

15.0 

15.0 

200 

lev 

7.5 

1.0 

13.5 

14.0 

14.0 

184 

m  sc 

5.0 

7.0 

U.O 

13.5 

13.5 

1M 

rt 

7.0 

-****- 

10.0 

.... 

.... 

.... 

OK 

.0 

.0 

.0 

.0 

.0 

205 

NY  SC 

(.5 

0.0 

11.0 

13.5 

17.5 

190 

NY  NY  IV 

10.0 

11.0 

14.5 

15.5 

14.5 

.... 

Backscatter  Ba ties  Nave  Been  Referenced  to  Open  Mater 


ThFY  -  Thin  First-Year  Ice 
MFY  -  Medlim  First-Year  Ice 
NY  SC  -  Heavy  Snow  Cover 
FR  -  Pressure  Ridge 
ON  -  Open  Mater 

NY  SC  •  Multiyear  with  Snow  Cover 

NY  NY  HP  -  Multiyear  with  JHaterovs  Melt  Pools 


Significant  contrast  exists  between  all  the 
MIZ  Ice  types  and  open  water,  except  for  an 
ambiguity  between  the  passive  microwave  signatures 
of  brash  Ice  and  open  water  at  90  GHz.  The 
contrast  between  Ice  and  water  Is  Illustrated  In 
Figure  2  by  the  clear  delineation  between  floe 
boundaries. 

The  L-band  (1.2  6Hz)  ratios  Indicate  brash 
Ice  can  be  distinguished  from  the  other  Ice  and 
snow  categories.  Thick  snow  cover  also  has  a 
unique  cross  section  signature.  The  C-band  (5.3 
6Hz)  ratios  confirm  that  operation  at  the  higher 
microwave  frequencies  Is  better  for 
differentiating  first  year  from  multiyear  Ice. 

Thin  first-year  Ice  can  also  be  differentiated 
from  medium  first-year  Ice.  Note,  that  the 
European  Space  Agency  (ESA)  will  launch  a 
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W-Band  PMI 


X-8and  SAH 


L-Band  SAR 


Aerial  Photograph 


86  8?3 


Figure  2.  Synthetic  aperture  radar  Images  (ERIN  CV-580)  at  1.3  and 
9.8  GHz  a  passive  microwave  image  (NRL-R3)  at  90  GHz.  and 
an  aerial  photograph  (ERIN  CV*S80)  acquired  during 
HIZEX-84  serve  to  Illustrate  the  Interrelationships 
between  microwave  signatures  and  sea  Ice  features  for  mid* 
sumner  conditions. 
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free-flyer  (ERS-1)  SAR  satellite  that  will  operate 
at  C-band.  The  X-band  (9.4  GHz)  data  yield 
results  similar  to  those  at  C-band.  Brash  Ice  can 
be  differentiated  from  multiyear,  but  not  from 
first-year.  However,  examination  of  SAR  X-band 
Images  shows  that  brash  Ice  Is  separable  from 
first-year  based  on  Its  shape  and  location  (l.e., 
context).  The  radar  contrast  between  first-year 
and  multiyear  Ice  decreases  at  13.6  and  16.6  GHz. 
This  appears  to  be  due  to  an  Increased 
absorptivity  of  the  snow  which  results  In  the 
snow/ice  roughness  at  the  snow/sea  Ice  Interface 
to  be  less  of  a  contributor. 

The  W-band  data  (90  GHz)  show  significant 
sensitivity  to  the  distribution  of  moisture  within 
the  boundary  of  an  ice  floe.  In  examining  Figure 
2,  the  dark  areas  within  a  floe  indicate  a  high 
snowpack  wetness;  whereas,  the  lighter  grey- tone 
Indicates  better-drained  snow  In  combination  with 
more  extensive  freezing  In  Its  upper  layers.  Open 
water  meltpools  are  easily  Identifiable.  MFY  has  a 
cooler  brightness  temperature  due  to  the  volune 
scattering  which  arises  from  frozen  snow.  This, 
however,  is  not  a  unique  signature  and  may  be  seen 
In  areas  of  MT  Ice. 

IV.  SUMMARY 

Microwave  measurements  were  made  at 
frequencies  from  1  to  94  GHz  of  a  variety  of  snow 
and  Ice  types  present  In  the  sunnier  at  the 
marginal  Ice  zone.  The  measurements  which  were 
obtained  by  a  SAR,  PMI  and  helicopter-based 
scatterometer  during  the  peak  of  the  sumer  melt. 
Indicated  that  the  snow  cover  dominates  the 
microwave  response.  At  frequencies  below  9.4  GHz 
(X-band)  the  slush  or  superimposed  fresh  water  ice 
layer  that  forms  at  the  snow/ice  Interface  Is 
Important  In  determining  the  observed  backscatter. 
Since  In  MIZEX-84  the  amount  of  snow  cover  was 
well  correlated  to  the  Individual  Ice  types  as  as 
the  scale  of  roughness  at  the  snow-ice  Interface, 
It  follows  that  operation  at  5  to  10  GHz  may  be 
optimal  for  the  discrimination  of  the  thinner 
first-year  ice  from  the  heavily  snow  covered 
multiyear  ice.  Therefore  the  C-band  (5.3  GHz) 
frequency  which  will  be  utilized  on  the  ERS-1  ESA 
satellite  SAR  should  do  a  respectable  job 
differentiating  first-year  from  multiyear  Ice 
types  within  the  MIZ. 

The  backscatter  ratios  further  suggest  that  a 
mul tl -frequency  approach  would  provide  additional 
Information  on  Ice  and  snow  types.  This  Is  due  to 
Increased  penetration  at  the  lower  frequencies  and 
the  roughness  match  of  the  multiple  wavelengths 
with  constituents  within  the  snow  and  Ice  media. 
The  passive  microwave  data  show  the  ability  to  map 
the  spatial  dlstlbutlon  of  wetness  In  the  upper 
layers  In  the  snowpack  within  floe  boundaries. 

This  wetness  (s  often  related  to  snowpack 
thickness  and  construction,  as  well  as  Ice  sheet 
deformation  characteristics. 
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ABSTRACT 

Active  and  passive  microwave  data  collected 
during  the  1984  simmer  Marginal  Ice  Zone 
Experiment  In  the  Fram  Strait  (MIZEX  84)  are  used 
to  compare  Ice  concentration  estimates  derived 
from  synthetic  aperture  radar  (SAR)  data  to  those 
obtained  from  passive  microwave  Imagery  at 
several  frequencies.  The  comparison  Is  carried 
out  not  only  to  evaluate  SAR  performance  against 
the  more  established  passive  microwave  technique, 
but  also  to  Investigate  the  causes  of 
discrepancies  In  terms  of  how  Ice  surface 
conditions.  Imaging  geometry,  and  choice  of 
algorithm  parameters  affect  each  sensor.  Active 
and  passive  estimates  of  Ice  concentration  agree 
op  average  to  within  12X.  Estimates  from  the 
multichannel  passive  microwave  data  show  best 
agreement  with  the  SAR  estimates  because  the 
multichannel  algorithm  effectively  accounts  for 
the  range  In  Ice  floe  brightness  temperatures 
observed  in  the  MIZ  at  this  time. 

Keywords:  Ice  concentration,  marginal  Ice  zone, 
passive  microwave  Imagery,  synthetic  aperture 
radar 


1.  INTRODUCTION 

The  percent  Ice  cover  or  Ice  concentration  In 
the  marginal  Ice  zone  (MIZ)  Is  a  critical  factor 
In  the  region's  heat  budget  thereby  Influencing 
near-surface  biological  and  physical  phenomena. 
Spatial  and  temporal  changes  in  Ice  concentration 
are  also  Indicative  of  the  extent  and  nature  of 
the  oceanic  processes  affecting  the  MIZ.  When 
available  aerial  photography  can  In  general 
provide  good  estimates  of  the  Ice  concentration. 
However,  In  the  Arctic,  and  especially  at  the 
margins  of  the  sea  ice,  cloud  cover  and  long 
periods  of  darkness  prevent  the  use  of  aerial 
photography  on  a  routine  basis,  and  microwave 
sensors  which  Image  the  surface  through  cloud  and 
darkness  must  be  looked  to  for  monitoring  Ice 
cover  In  these  regions. 

Over  the  past  IS  years,  passive  microwave 
Imagery  has  become  an  established  tool  for 
obtaining  lea  concentration  estimates  from  both 
aircraft  and  satellite  platforms  (Refs.  1,2). 
Passive  microwave  algorithms  exploit  the 
difference  in  emmlsslvlty  between  sea  Ice  and 


ocean  at  one  or  more  frequencies  to  provide 
concentration  maps  with  resolutions  down  to  30  km 
from  space  (Refs.  3,4,$).  More  recently 
synthetic  aperture  radar  (SAR)  imagery  has  been 
shown  to  potentially  provide  similar  ice 
concentration  Information  at  higher  spatial 
resolutions  (Ref.  6)  although  the  present  lack  of 
adequate  sensor  calibration  must  be  overcome  to 
make'SAR  a  routine  monitoring  tool.  Development 
of  this  SAR  capability  will  become  necessary  with 
the  advent  of  the  satellite  SARs  In  the  near 
future. 

One  goal  of  the  remote  sensing  program  of  the 
Marginal  Ice  Zone  Experiment  (MIZEX)  is  to 
evaluate  the  ability  of  different  sensors  to 
obtain  sea  Ice  concentration  estimates  and  to 
determine  an  optlmun  combined  sensor  platform  for 
eventual  monitoring  applications.  During  the 
1984  sumser  MIZEX  In  the  Greenland  Sea,  near- 
simultaneous  active  and  passive  microwave  image 
data  were  collected  during  a  period  of  clear 
weather,  providing  the  opportunity  to  compare  not 
only  active  and  passive  microwave  system 
estimates,  but  also  to  compare  both  to  estimates 
obtained  from  aerial  photography.  The  full 
details  of  the  comparison  between  active  and 
passive  microwave  sensors  and  an  evaluation  of 
estimates  provided  by  coincident  aerial 
photography  and  helicopter  photometer  are  given 
In  Ref.  7. 


2.  DATA  AND  ANALYSIS 

The  microwave  data  used  In  this  analysis  were 
collected  by  one  active  and  three  passive 
aircraft  systems  as  Indicated  In  Table  1. 

On  29  June  1984  the  CV-580  and  the  NRL  P-3 
collected  coincident  coverage  over  an  area  of 
relatively  compact  Ice,  with  a  narrow  (6  km)  band 
of  small  floes  near  the  edge  and  a  well  defined  ' 
Ice/water  boundary.  During  a  low  level  (1200  m 
altitude)  flight  designed  to  observe  "night-time” 
signatures,  the  P-3  PHI  obtained  a  N-S  line  nf 
data  across  the  Ice  edge  with  10  m  resolution. 

The  CV-S80  SAR  mosaic  with  3m  resolution, 
collected  12  hours  later,  included  the  P-3  line 
thus  affording  this  comparison.  Due  to  the  12 
hour  time  difference  there  do  exist  differences 
In  the  Ice  field  conflg-  uratlon  between  the  two 
data  sets,  but  as  seen  from  Figure  1,  scenes 
composed  of  floes  coemon  to  both  data  sets  as 
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TABLE  1. 


PLATFORM  SENSOR 


FREOUENCV(GHz)/POLARIZAlIOH 


CCRS  CV-580  ER1M  SAR 


9.4/MH 


NRL  P-3 
NASA  CV-990 


Passive  Microwave 
imager  (PMi) 

Electrically  Scanning 
Microwave  Radiometer 
(ESMR) 

Advanceo  Multichannel 
Microwave  Radiometer 
(AMMR) 


90/Equivalent  Nadir 


19.35/Equivalent  Nadir 

18  and  37/  H  and  V 


well  as  the  aerial  photography  taken  from  the  CV- 
580  can  be  Identified. 

On  30  June  the  CV-580  and  the  NASA  CV-990 
obtained  microwave  data  over  the  same  area  within 
a  period  of  5  hours.  This  area  was  heavily 
Influenced  by  dynamic  oceanographic  processes 
resulting  In  large  variations  tn  the  Ice 
concentration.  The  full  range  of  Ice 
concentration  values  could  therefore  be 
considered  In  the  comparison.  Neither  the  ESMR 
or  the  AMMR  obtain  sufficient  resolution  to  carry 
out  feature  comparison  with  the  SAR;  the  two  data 
sets  were  therefore  registered  via  aerial 
photographs  taken  by  the  CV-990  coincident  with 
the  ESMR  and  AMMR  data  collection. 

Derivation  of  Ice  concentration  estimates  from 
the  microwave  data  Is  based  on  the  large 
difference  In  the  emlsslvlty  and.  for  certain 
Imaging  conditions,  the  backscatter  cross  section 
of  sea  Ice  and  open  water  (e.g.  Refs.  8,9). 

During  the  simmer  season  there  Is  very  poor 
discrimination  with  microwaves  between  Ice  types 
(Ref.  6)  so  that  the  concern  In  this  season  Is 
with  total  Ice  concentration. 

Ice  concentration  estimates  from  the  single 
channel  passive  data  (PHI,  ESMR)  are  obtained 
with  a  linear  algorithm  directly  relating 
concentration  to  brightness  temperature  which 
requires  "Ice"  and  "water"  reference  or  tie 
points  to  be  specified  from  the  brightness 
temperature  data.  The  general  form  of  the 
equation  defining  this  relationship  Is 


Tb  -  Tg(water) 

C  *  - . . 

TB<1ce)-TB(water) 

The  SAR  algorithm  used  Is  also  a  linear  one. 
having  the  same  forms  as  above,  and  relates  the 
Image  Intensity  of  each  resolution  cell  to  an  Ice 
concentration  using  the  mean  Intensities  of  Ice 
and  water  areas  within  the  scene  as  tie  points. 
For  the  results  presented  here  this  algorithm  was 
applied  to  the  3.2-cm  SAR  data  only  (both  3.2  and 
23.5-em  data  were  collected)  because  of  the 
higher  contrast  between  Ice  and  water  maintained 
by  the  shorter  wavelength  during  the  melt  season. 
For  the  four-channel  AMMR  data,  the  NIM8US-7  SMMR 
team  algorithm  (Ref.  4)  was  applied  using  tie 
points  determined  from  the  aircraft  brightness 
temperature  data. 

Comparisons  between  the  sensors  are  based  bn 


the  mean  and  standard  deviations  of  Ice 
concentration  estimates  derived  from  9  km?  areas 
for  the  SAR/ESMR  and  SAR/PMI  comparisons  and  from 
6  km*  areas  for  the  SAR/AMMR  comparison.  For 
each  sensor  Ice  concentration  was  calculated  for 
1/2  km  by  1/2  km  subareas  and  these  values  used 
to  obtain  a  mean  and  standard  deviation  of  ice 
concentration  for  the  larger  area.  By  looking  at 
estimate  statistics  In  this  way,  effects  from 
misregistration  (l.e.  changes  In  the  Ice  field 
between  flights)  are  minimized. 


3.  DISCUSSION  OF  RESULTS 

The  Images  In  Figure  1  show  one  of  the  five 
areas  used  In  the  SAR/PMI  comparison  from  29 
June.  Note  that  this  area  has  well  defined 
floes,  little  broken  Ice  between  floes,  and  some 
small  melt  ponds  which  are  especially  visible  on 
the  90  GHz  Image.  Also  note  the  relatively  dark 
(and  therefore  wet)  floes  on  the  SAR  Image  with 
backscatter  levels  near  that  of  the  open  water. 
These  effects  appear  In  all  the  five  scenes  to 
varying  degrees.  For  this  area  the  SAR  and  PMI 
Ice  concentration  estimates  agree  well:  69*  and 
71*  respectively.  Overall  for  the  areas  compared 
on  the  29th  the  SAR  and  PMI  differed  by  at  most 
12*  with  an  average  difference  of  approximately 
7*. 

The  distribution  of  the  1/2  km  estimates 
relative  to  the  45  degree  line,  shown  In  Figure  2 
for  the  images  In  Figure  1,  Illustrates  the 
effects  of  melt  ponds,  backscatter  variability, 
and  misregistration  (floe  motion).  Points  on  the 
upper  right  below  the  45  degree  line  are  those 
where  floes  are  dark  on  ihe  SAR  due  to  a 
combination  of  non-untform  Imaging  geometry  and 
Increased  surface  wetness  which  is  probably 
related  to  snow  depth  (Ref.  10).  Therefore  they 
are  not  Interpreted  by  the  algorithm  as  100*  Ice 
as  they  are  by  the  PMI.  Points  to  the  left  of 
the  line  In  the  upper  half  of  the  plot  show  the 
effect  of  melt  ponds  and  the  presence  of  broken 
floes  on  the  PMI  estimates.  These  features 
appear  warmer  than  the  Ice  to  the  90  GHz  PMI 
because  at  the  time  this  scene  was  imaged  most  of 
the  ice  was  covered  with  a  surface  crust  reducing 
the  brightness  temperature  to  below  that  of  the 
open  water.  Both  subpopulations  Include  1/2  km 
areas  near  the  center  of  the  Images  (see  Figure 
I)  where  small  floes  have  drifted  from  one  cell 
to  the  next  In  the  12  hour  period  between  the 
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Figure  2.  Ice  concentration  estimates  calculated  on  1/2  km  square  subareas  of  the  Images 
shown  In  Figure  1. 


Figure  3.  Comparison  of  19  GHz  passive  microwave  (ESMR)  and  synthetic  aperture  radar  estimates 
of  Ice  concentration  based  on  3k*  x  3  km  areas  imaged  on  30  June  1984. 
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flights. 

Mean  concentration  values  for  the  9  kmz  areas 
compared  on  30  June  are  shown  In  a  SAR  vs.  ESMR 
scatter  plot  In  Figure  3.  The  mean  square 
deviation  from  the  45  degree  line  Is  reduced  from 
Figure  2  (  10X  vs.  13X)  Indicating  that  over  3km 
floe  motion  effects  average  out.  In  this  case 
the  deviations  are  primarily  due  to  variability 
In  the  Ice  signatures  In  both  the  ESMR  19  GHz  and 
SAR  9.4  GHz  single  channel  data.  At  19  GHz,  the 
brightness  temperature  of  large  floes  In  the  area 
Is  observed  to  vary  by  40  degrees  K.  With  the' 
algorithm  tied  to  the  highest  temperature,  low 
Ice  concentration  estimates  can  result  for  solid 
Ice  areas.  Likewise  for  the  SAR,  the  relative 
Intensities  of  floes  within  a  single  scene  can 
vary  by  25X  of  the  mean.  Using  the  mean 
Intensity  of  ice  as  a  tie' point  accounts  for  this 
spread  In  values  to  an  extent,  but  floes  with  low 
backscatter  cross  section  do  not  contribute  100X 
to  the  concentration  estimate  under  the  present 
algorithm. 

Ice  concentration  estimates  based  on  6  km2 
areas  from  the  SAR  and  AMMR  data  are  given  in 
Table  2. 


TABLE  2.  AfWR/SAR  CONCENTRATION  ESTIMATES 


Area  1 

Area  2 

Area  3 

Area  4 

SAR 

55. 2X 

55.8X 

47. 4X 

49. 9X 

AMMR 

52. 5X 

55. 6X 

51.4X 

44. 9X 

Ice  concentration  In  the  summer  MI Z  with 
comparable  accuracy.  This  appears  to  be 
Independent  of  the  level  of  concentration  Itself. 
Estimates  from  both  types  of  sensor  are  sensitive 
to  variability  in  Ice  signatures,  the  passive 
data  less  so  especially  when  used  In  a 
multichannel  algorithm.  These  results  suggest 
that  the  future  satellite  SARs,  such  as  the  one 
to  be  flown  on  the  European  ERS-1  satellite, 
should  be  able  to  provide  Ice  concentration 
estimates  with  an  accuracy  approaching  that  of 
the  passive  Instuments  given  the  proper  signature 
calibration.  The  mul  ti  channel  algorithm  approach 
that  appears  to  be  optimum  for  the  passive  data 
might  also  be  pursued  for  improving  SAR 
estimates,  as  well  as  with  a  combination  of 
active  and  passive  sensor  data. 
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concentration  In  this  multichannel  algorithm,  a 
better  estimate  results. 
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ABSTRACT 

Active  and  passive  microwave  data  collected 
during  the  1984  simmer  Marginal  Ice  Zone 
Experiment  In  the  Fram  Strait  (MIZEX  84)  are  used 
to  ecavare  Ice  concentration  estimates  derived 
from  synthetic  aperture  radar  (SAR)  data  to  those 
obtained  from  passive  microwave  Imagery  at 
several  frequencies.  The  comparison  Is  carried 
out  not  only  to  evaluate  SAR  performance  against 
the  more  established  passive  microwave  technique, 
but  also  to  Investigate  the  causes  of 
discrepancies  In  terms  of  how  Ice  surface 
conditions.  Imaging  geometry,  and  choice  of 
algorithm  parameters  affect  each  sensor.  Active 
and  passive  estimates  of  ice  concentration  agree 
on  average  to  within  in.  Estimates  from  the 
multichannel  passive  microwave  data  show  best 
agreement  with  the  SAR  estimates  because  the 
multichannel  algorltlm  effectively  accounts  for 
the  range  In  Ice  floe  brightness  temperatures 
observed  In  the  MIZ  at  this  time. 

Keywords',  ice  concentration,  marginal  ice  zone, 
passive  microwave  Imagery,  synthetic  aperture 
radar 


I.  IRTRCHtTIW 

The  percent  tee  cover  or  Ice  concentration  In 
the  marginal  Ice  zone  (MIZ)  Is  a  critical  factor 
In  the  region's  heat  budget  thereby  Influencing 
near-surface  biological  and  physical  phenamena. 
Spatial  and  temporal  changes  In  Ice  concentration 
art  also  Indicative  of  the  extent  and  nature  of 
the  oceanic  processes  affecting  the  MIZ.  When 
available  aerial  photography  can  in  general 
provide  good  estimates  of  the  Ice  concentration. 
However,  in  the  Arctic,  end  especially  at  the 
margins  of  the  tea  Ice,  cloud  cover  and  long 
periods  of  darkness  prevent  the  use  of  aerial 
photography  an  a  routine  basis,  and  microwave 
sensors  Milch  image  the  surface  through  deed  and 
darkness  must  be  leaked  to  for  monitoring  ice 
cover  In  these  regions. 

Over  the  past  IS  years,  passive  microwave 
Imagery  has  became  an  established  tool  for 
obtaining  Ice  concentration  estimates  from  both 
aircraft  and  satellite  platforms  (Refs.  1,2). 
Festive  microwave  algorithms  exploit  the 
difference  In  ammltslvlty  between  sea  Ice  and 


ocean  at  one  or  more  frequencies  to  provide 
concentration  naps  with  resolutions  down  to  30  km 
from  space  (Refs.  3.4.S).  More  recently 
synthetic  aperture  radar  (SAR)  Imagery  has  been 
shown  to  potentially  provide  similar  Ice 
concentration  Information  at  higher  spatial 
resolutions  (Ref.  t)  although  the  present  lack  of 
adequate  sensor  calibration  must  be  overcome  to 
make  SAR  a  routine  monitoring  tool.  Development 
of  this  SAR  capability  will  beam*  necessary  with 
the  advent  of  the  satellite  SARs  In  the  near 
future. 

One  goal  of  the  remote  sensing  program  of  the 
Marginal  Ice  Zone  Experiment  (MIZEX)  is  to 
evaluate  the  ability  of  different  sensors  to 
obtain  sea  Ice  concentration  estimates  and  to 
determine  an  optlmimi  combined  sensor  platform  for 
eventual  monitoring  applications.  During  the 
1964  sumaer  MIZEX  In  the  Greenland  Sea.  near- 
simultaneous  active  and  passive  microwave  Image 
data  were  collected  during  a  period  of  clear 
weather,  providing  the  opportunity  to  compare  not 
only  active  and  passive  microwave  system 
estimates,  but  also  to  cmaere  both  to  estimates 
obtained  from  aerial  photography.  The  full 
details  of  the  comparison  between  active  and 
passive  microwave  sensors  and  an  evaluation  of 
estlautes  provided  by  coincident  aerial 
photography  and  helicopter  photometer  are  given 
In  Ref.  7. 


t.  MIX  AND  ANALYSIS 

The  microwave  data  used  In  this  analysis  were 
collected  by  one  active  and  three  passive 
aircraft  systems  as  Indicated  In  Table  1. 

On  29  June  1M4  the  CV-SdO  and  the  NRL  P-3 
collected  coincident  coverage  over  an  area  of 
relatively  compact  Ice.  with  a  narrow  (t  am)  hand 
of  small  floes  near  the  edge  and  a  well  defined 
Ice/ wo  ter  boundary.  During  a  low  level  (1700  m 
altitude)  flight  designed  to  observe  "night-time' 
signatures,  the  P-3  PHI  obtained  a  R-S  line  of 
data  across  the  ice  edge  with  10  m  resolution. 

The  CV-S60  SAR  mosaic  with  3m  resolution, 
collected  12  hours  later,  included  the  P-3  line 
thus  affording  this  caparison.  Due  to  the  12 
beer  time  difference  there  do  exist  differences 
In  the  ice  field  cenflg-  v rat Ion  between  the  two 
data  sets,  but  at  seen  fra  Figure  1.  scenes 
emspesed  of  fleet  comma  to  both  data  sets  as 
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table  1. 


PLATFORM 


SENSOR 


FREOUENCYtSHzi/POLARIZATION 


OCRS  CV-580  ERIN  SAR 


9.4/HH 


NRL  P-3 
NASA  CV-990 


Passive  Microwave 
Imager  (PHI) 

Electrically  Scanning 
Microwave  Radiometer 
(ESMR) 

Advanced  Nulti channel 
Microwave  Radiometer 
(AHNR) 


90/Equivalent  Nadir 


19.3S/Equivalent  Nadir 

18  and  37/  H  and  V 


well  as  the  aerial  photography  taken  from  the  CV- 
580  can  be  identified. 

On  30  June  the  CV-580  and  the  NASA  CV-990 
detained  Microwave  data  over  the  same  area  within 
a  period  of  5  hours.  This  area  was  heavily 
influenced  by  dynamic  oceanographic  processes 
resulting  in  large  variations  in  the  ice 
concentration.  The  full  range  of  Ice 
concentration  values  could  therefore  be 
considered  in  the  comparison.  Neither  the  ESMR 
or  the  AMO  obtain  sufficient  resolution  to  carry 
out  feature  comparison  with  the  SAR;  the  two  data 
sets  were  therefore  registered  via  aerial 
pnotographs  taken  by  the  CV-990  coincident  with 
tne  ESMR  and  AMMR  data  collection. 

Derivation  of  Ice  concentration  estimates  from 
the  microwave  data  is  based  on  the  large 
difference  In  the  emissivlty  and,  for  certain 
imaging  conditions,  the  backscatter  cross  section 
of  sea  ice  and  open  water  (e.g.  Refs.  8.9). 

During  the  simmer  season  there  Is  very  poor 
discrimination  with  microwaves  between  Ice  types 
(Ref.  6)  to  that  the  concern  In  this  season  Is 
with  toul  Ice  concentration. 

Ice  concentration  estimates  from  the  single 
channel  passive  data  (PHI,  ESMR)  are  obtained 
with  a  linear  algorithm  directly  relating 
concentration  to  brightness  temperature  which 
requires  "Ice"  and  ‘water*  reference  or  tie 
points  to  be  specified  frw  the  brightness 
temperature  data.  The  general  form  of  the 
equation  defining  this  relationship  is 


Tg  -  Tg(water) 

C  •  ——————— 

Tg(1cs)-T|(weter) 

The  SAR  algorlttm  used  Is  also  a  linear  one, 
having  the  same  forms  as  above,  and  relates  the 
image  Intensity  of  each  resolution  cell  to  an  lea 
concentration  using  the  mean  Intensities  of  tee 
and  water  areas  within  the  scene  as  tie  points. 
For  the  results  presented  here  this  algorithm  was 
applied  to  the  3. 2- a  SAR  date  only  (both  3.2  and 
23.S-ch  data  were  collected)  because  of  the 
higher  contrast  between  Ice  end  meter  maintained 
by  the  shorter  wevelength  during  the  melt  season. 
For  the  four-channel  AIM!  data,  the  A I  MBITS- 7  SM 
team  algorithm  (Ref.  *)  was  applied  using  tie 
points  determined  frm  the  aircraft  brightness 
temperature  data. 

Comparisons  between  the  tensors  are  based  on 


the  mean  and  standard  deviations  of  ice 
concentration  estimates  derived  from  9  km?  areas 
for  the  SAR/ESMR  and  SAR/PMI  comparisons  and  from 
6  km’  areas  for  the  SAR/AMMR  comparison.  For 
each  sensor  ice  concentration  was  calculated  for 
1/2  km  by  1/2  km  subareas  and  these  values  used 
to  obtain  a  mean  and  standard  deviation  of  ice 
concentration  for  the  larger  area.  By  looking  at 
estimate  statistics  in  this  way,  effects  from 
misregistration  (i.e.  changes  in  the  ice  field 
between  flights)  are  minimized. 


3.  DISCUSSION  OF  RESWTS 

The  Images  In  Figure  1  show  one  of  the  five 
areas  used  In  the  SAR/PMI  comparison  from  29 
June.  Note  that  this  area  has  well  defined 
floes,  little  broken  Ice  between  floes,  and  some 
small  melt  ponds  which  are  especially  visible  on 
the  90  GHz  image.  Also  note  the  relatively  dark 
(and  therefore  wet)  floes  on  the  SAR  image  with 
backscatter  levels  near  that  of  the  open  water. 
These  effects  appear  in  all  the  five  scenes  to 
varying  degrees.  For  this  area  the  SAR  and  PHI 
Ice  concentration  estimates  agree  well:  t9t  and 
71%  respectively.  Overall  for  the  areas  compared 
on  the  29th  the  SAR  and  PHI  differed  by  at  most 
12%  with  an  average  difference  of  aoprpilmately 
7%. 

The  distribution  of  the  1/2  km  estimates 
relative  to  the  A5  degree  line,  shown  in  Figure  2 
for  the  images  In  Figure  1,  Illustrates  the 
effects  of  nel t  ponds,  backscatter  variability, 
and  misregistration  (floe  motion).  Points  on  the 
upper  right  below  the  45  degree  line  ere  those 
where  floes  are  dark  on  the  SAR  due  to  a 
combination  of  "on- uni  form  Inaging  geometry  and 
Increased  surface  wetness  which  Is  probably 
related  to  snow  depth  (Ref.  10).  Therefore  they 
are  not  Interpreted  by  the  algorithm  as  100%  ice 
as  they  are  by  the  PHI.  Points  to  the  left  of 
the  line  in  the  upper  half  of  the  plot  show  the 
effect  of  melt  ponds  and  the  presence  of  broken 
floes  on  the  PHI  estimates.  These  features 
appear  warmer  than  the  .Ice  to  the  90  GHz  PHI 
because  at  the  time  this  scene  was  imaged  most  of 
the  Ice  was  covered  with  a  surface  crust  reducing 
the  brightness  temperature  to  below  that  of  the 
open  water,  loth  subpopulations  include  1/2  km 
areas  near  tha  center  of  the  lamges  (see  Figure 
1)  where  Mil  floes  have  drifted  from  one  cell 
to  the  neat  In  the  12  hour  period  between  the 
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MEAN  CONCENTRATION  -  PMI 

Figure  2.  let  concentration  estimates  calculated  on  1/2  kn  square  subareas  of  the  Images 
shorn  in  Figure  1. 


MEAN  CONCENTRATION  -  SAR 


Figure  3.  Caearl son  of  II  (Hi  gossleo  rtcroueue  (ESM)  and  synthetic  aeerture  radar  estimates 
of  ice  concentration  based  an  3*m  *  3  Us  areas  imaged  on  X  June  1M4. 


COMPARISON  OF  Ml?  ICE  CONCENTRATION 


I 


flights. 

Netn  concentration  values  for  the  9  km?  areas 
comoared  on  30  June  are  shown  in  a  SAR  vs.  ESMR 
scatter  olot  in  Figure  3.  The  mean  spuare 
deviation  from  the  <5  degree  line  is  reduced  from 
Figure  2  (  10%  vs.  13%)  indicating  that  over  3km 
floe  motion  effects  average  out.  in  this  case 
the  deviations  are  primarily  due  to  variability 
in  the  Ice  signatures  in  both  the  ESMR  19  GHz  and 
SAR  9.*  GHz  single  channel  data.  At  19  GHz.  the 
brightness  teeoerature  of  large  floes  in  the  area 
is  observed  to  vary  by  40  degrees  K.  Kith  the 
algorithm  tied  to  the  highest  temperature,  low 
ice  concentration  estimates  can  result  for  solid 
ice  areas.  Likewise  for  the  GAR,  the  relative 
intensities  of  floes  within  a  single  scene  can 
vary  by  25%  of  the  mean.  Using  the  mean 
intensity  of  ice  as  a  tie  point  accounts  for  this 
spread  in  values  to  an  extent,  but  floes  with  low 
backscatter  cross  section  do  not  contribute  100% 
to  the  concentration  estimate  under  the  oresent 
algorithm. 

Ice  concentration  estimates  based  on  6  km* 
areas  from  the  SAR  and  A(*iR  data  are  given  in 


TAKE  2.  AIMt/SAR  CONCENTRATION  ESTIMATES 


Area  1 

Area  2 

Area  3 

Area  4 

SAR 

55.2% 

55.8% 

47.4% 

49.9% 

AIM 

52.5% 

55.6% 

51.4% 

44.9% 

ice  concentration  in  the  sumner  MIZ  with 
ccr-oarable  accuracy.  This  appears  to  be 
•r  -rendent  of  the  level  of  concentration  Itself. 
Estimates  from  both  types  of  sensor  are  sensitive 
to  variability  in  ice  signatures,  the  passive 
data  less  so  especially  when  used  in  a 
multichannel  algorithm.  These  results  suggest 
that  the  future  satellite  SARs,  such  as  the  one 
to  be  flown  on  the  European  ERS-1  satellite, 
should  be  able  to  provide  ice  concentration 
estimates  with  an  accuracy  approaching  that  of 
the  passive  instuments  given  the  proper  signature 
calibration.  The  multichannel  algorithm  approach 
that  appears  to  be  ootimum  for  the  passive  data 
might  also  be  pursued  for  Improving  SAR 
estimates,  as  well  as  with  a  combination  of 
active  and  passive  sensor  data. 
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ABSTRACT 

Active  Microwave  Measurements'  were  aade  of 
various  sea  Ice  forms  In  March  knd  April  1987 
during  the  Marginal  Ice  Zone  Experiment  (MIZEX). 
These  measurements  were  aade  at  1,  S,  10,  18  and 
35  GHz  using  a  synthetic  aperture  radar  (SAR)  and 
helicopter-  and  ship-based  scatteroneters.  The  X- 
band  (9.8  GHz)  SAR  data  were  compared  to  the 
scatterometer  data  and  It  was  determined  that  for 
5  GHz  and  higher  frequencies  both  the  SAR  and 
scatterometers  can  differentiate  open  water,  new 
Ice  (5  -  30  cm),  first-year  Ice  with  rubble 
(.60  -1.5  a),  and  multiyear  Ice.  The  analysis 
further  confirmed  that  the  C-band  (5  GHz)  SAR’s 
flying  on  ESA  ERS-1  and  RAOARSAT  will 
differentiate  the  above  mentioned  Ice  types. 

Keywords:  SAR,  Microwaves,  Scatterometer,  Radar 
Backscatter,  Sea  Ice,  MIZEX. 


1.  INTRODUCTION 

Active  microwave  measurements  were  aade  of 
various  sea  Ice  forms  In  March  and  April  1987 
during  MIZEX.  The  study  area  was  located  between 
76*N  and  80*N  and  10*W  to  10*E,  In  an  area  of  the 
Fram  Strait  In  the  Greenland  Sea  (see  Figure  1). 
The  Ice  conditions  within  the  Greenland  Sea  during 
the  three  week  experiment  Included:  1)  grease  Ice 
actively  forming  at  the  open  ocean  boundary;  Z)  a 
combination  of  young  frazil,  nllas,  and  small 
pancake  first-year  Ice  forms  In  the  Odden;  3) 
multiyear  Ice  (3  to  5  meters  thick)  with  floe 
sizes  ranging  from  30  a  to  50  km  from  the  edge  to 
the  Interior;  and  4)  older  first-year  lee  (3  to 
150  cm  thick)  of  varying  floe  size  dimensions 
Interspersed  among  the  multiyear. 

The  active  microwave  observations  Included: 

1)  a  rail  mounted  ship-borne  scatterometer  system 
which  aade  measurements  at  1,  5,  10,  18,  and  35 
GHz;  Z)  a  helicopter-based  scatterometer  which 
collected  parallel  and  cross  polarized  (HH;  VV; 

VH)  data  at  1.75,  5  and  10  GHz;  and  3)  an  aircraft 
equipped  with  a  SAR  that  operated  at  9.8  GHz  with 
horizontally  transmitted  and  received 
polarizations. 


MltlX  ‘87  Opertilmma  0*mr*tm« 


Figure  1.  MIZEX  '87  Operations  Overview  Showing 
Ice-Edge  Variation,  Research  Foci,  and 
Key  Ship  Positions 


In  this  paper  we  first  present  the  X-band  (9.8 
GHz)  values  for  the  various  Ice  types  within  the 
marginal  Ice  zone  and  then  compare  these  SAR 
values  to  the  1,  5,  10,  18,  and  35  GHz 
measurements  obtained  by  the  real  aperture  radar 
operated  from  the  ship  and  helicopter.  The  real 
aperture  data  has  undergone  the  typical  temporal 
and  spatial  averaging  and  thus  the  effects  of 
Image  speckle  or  radar  fading  are  minimal  (Ref. 

1).  The  multi -frequency  scatterometer  data  In 
conjunction  with  the  X-band  SAR  data  Is  then  used 
to  evaluate  the  use  of  the  European  Space  Agency's 
Earth  Resources  Satelllte-1  (ESA  ERS-1)  and 
Canada's  RAOARSAT  SAR's  (Refs.  Z,  3)  for  Ice  type 
classification. 

Z.  DATA  SETS 

Twenty-two  SAR  data  collection  missions  were 
flown  dally  throughout  the  experiment  using  the 
Intera  STAR  systems.  Each  mission  covered 
approximately  a  ZOO  by  ZOO  km  area  surrounding  the 
Ice-strengthened  research  vessel  POLAR  CIRCLE. 
During  flights,  SAR  data  which  were  transmitted 
via  radio  link  to  the  POUR  CIRCLE,  were  used  to 
select  sites  to  perform  detailed  microwave 
measurements  as  a  function  of  Incidence  angle 
using  the  helicopter  and  ship  mounted 
scatterometers.  At  each  of  the  detailed  sites, 
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'sea  tee  truth  parties'  frost  POLAR  CIRCLE  would 
characterize  the  physical  and  electrical 
properties  of  snow  and  Ice.  In  addition  to  the 
specific  sites,  the  ship  borne  scatterometers 
collected  data  In  transit.  Thus,  for  the  first 
time,  SAR  sea  Ice  imagery  can  be  correlated  with 
coincidence  scatterometer  and  sea  truth  data. 

The  parameters  of  the  STAR  system  are  presented 
In  Table  1.  Figure  2  Is  an  Image  of  a  high 
resolution  (4  x  4  m)  17  *  36  km  area  that  was 
extensively  "sea  truthed"  both  from  the  ship  and 
the  helicopter.  Indicated  on  Figure  2  are  letters 
A  through  G  which  correspond  to  the  seven  open 
water  and  sea  Ice  types  found  within  this  test 
area. 

The  ship-based  scatterometers  operated  at  1,  5, 
10,  18,  and  35  GHz  and  are  described  In  these 
proceedings  by  Onstott  and  Shuchman  (Ref.  4).  The 
1,  5,  and  10  GHz  ship-based  scatterometer  was  also 
operated  on  a  Bell  206  helicopter  and  Is  described 
In  this  Issue,  Onstott  and  Gaboury  (Ref.  5). 


3.  8ACKSCATTER  RESULTS 

Thirty-three  areas  within  the  SAR  Ice  Image 
shown  In  Figure  2  were  selected  for  statistical 
analysis.  Standard  statistics  (l.e.,  mean, 
standard  deviation,  variance,  skewness,  and 
kurtosls)  were  generated  on  tnese  areas  and 
combined  Into  the  seven  water  and  sea  Ice 
catagorles  Identlf'ed  on  Figure  2  and  presented  In 
Table  2.  The  SAR  data  Is  seven-look  and  using  an 
equation  of  Lyzenga  et.  al.,  (Ref.  6)  the  variance 
due  to  speckle  can  be  removed,  leaving  Just  the 
spatial  variation  of  the  scatterers.  To 
Illustrate  this.  Figure  3  shows  the  data  from 
Table  2  plotted  In  dB.  The  boxes  In  Figure  3 
represent  the  means  of  the  classes  and  the  extent 
of  the  error  bars  are  determined  by  adding  and 
subtracting  the  standard  deviation  of  the  spatial 
variations  (l.e.,  with  the  speckle  component 
removed)  to  the  mean  values.  Note  that  categories 
A  through  E  have  a  significant  amount  of  spatial 
variation,  while  categories  F  through  G  have  none. 
The  relativity  higher  spatial  variation  of 
catagorles  B  and  C  are  thought  to  be  due  to  the 
effects  of  rubble  on  the  surface.  This  suggests 
that  automated  techniques  (Ref.  7}  utilizing  SAR 
texture  Information  (l.e.,  the  spatial  variations) 
may  prove  useful  In  sea  Ice  classification. 

Examination  of  Figure  3  reveals  that  In  general 
categories  A  and  C  through  G  are  separable 
Indicating  that  multiyear  Ice  can  be 
differentiated  from  first-year  Ice  with  rubble, 
thick  and  thin  young  Ice,  and  open  water  on  the 
X-band  (9.8  GHz)  SAR  data.  Category  B  which 
Included  a  mixture  of  multiyear,  first-year  and 
open  water  was  not  separable  due  to  the  mixed 
nature  of  the  category.  The  grease  Ice  area  had  a 
lower  return  than  the  Ice  free  open  water 
suggesting  the  grease  Ice  deepened  the  capillary 
waves  which  made  the  surface  appear  smooth  to  the 
radar. 

The  SAR  values  for  multiyear,  first-year  with 
rubble,  first-year  without  rubble  and  thin  new  Ice 
were  then  compared  to  the  scatterometer 
measurements  made  at  1,  S,  10,  18  and  35  GHz  (see 
Table  3).  The  standard  deviation  of  the 
scatterometer  data  Is  approximately  ±.5  dB. 


Examination  of  Table  3  Indicates  that  the  SAR 
and  scatterometer  measurements  made  at  10  GHz  were 
similar.  In  general,  as  the  frequency  Increases 
the  ability  to  separate  multiyear  from  first-year 
Ice  also  Increases.  The  opposite  trend  occurs 
with  decreasing  frequency.  L-band  (1  GHz)  which 
Is  dominated  by  volume  scattering  and  the  effect 
of  topography  has  similar  signatures  for  multiyear 
and  first-year.  C-band  (5  GHz)  appears  to  produce 
signatures  that  are  very  similar  to  X-band  (l.e., 
volume  scattering  from  bubbles  dominates  the 
return  from  multiyear  Ice). 


4.  SUMMARY 

The  X-band  SAR  data  successfully  separated  the 
sea  Ice  types  within  the  Image.  The  SAR  derived 
backscatter  values  compared  favorably  to  the 
measurements  made  by  the  temporally  and  spatially 
averaged  scatterometer  data.  The  performance  with 
respect  to  sea  Ice  classification  of  the  ESA  ERS-1 
and  RADARSAT  which  will  operate  at  C-band  (5  GHz) 
should  be  comoarable  to  the  X-band  SAR  system  used 
In  MIZEX.  The  performance  of  the  Japanese  ERS-1 
operating  at  L-band  (1.2  GHz)  will  be  degraded 
with  respect  to  discriminating  first-year  from 
multiyear  Ice.  All  three  of  the  above  mentioned 
satellites  should  distinguish  open  water  from  sea 
Ice,  thus  producing  useful  Ice  concentration 
information. 
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Tabic  1.  STAR  Systea  Parameters  As  Used  In  MI2EX 


PROPERTY 

STAR-2 

STAR-1 

Operating  Altitude 
Wave  length 
Polarization 

29,000  ft. 
X-Dand 

HH 

Viewing  Direction 

Left  or  Right 

Processing 

Real  time 

Recording 

8  bit  data,  ful 
bandwidth  data 
recording  on 
parallel  HOOR 

1 

4  bit  data,  either 

12  x  12a  or  24  x  24a 
pixels  on  serial 

HOOR 

Swath  width 

Narrow  (HI -Res) 
Wide  (lo-Res) 

17  km 

63  km 

23  ka 

45  ka 

Pixel  size 

Along  track/ 
cross  track 

Along  track/ 
cross  track 

HI -Res 

4  x  4  a 

Not  used 

Lo-Res 

5.2  x  16m 

12  x  12a  or  24  x 

24m 

Oownl ink 

4  bits 

4  bits 

Azlauth  Looks 

7 

7 

Lo-Res 

16  x  16a  or 

12  x  12a  or 

32  *  32k  24  x  24m 


Figure  2 


STAR-2  Extensively  "Sea-Truthed"  High-Resolution  Imagery.  Letters  A  Through  G 
Correspond  to  the  Seven  Open  Hater  and  Sea  Ice  Types  Found  within  This  Test  Area 
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Table  2.  M1ZEX  '87  SAR  Clutter  Statistics  —  Averaged  Values  for  Similar  Areas 

6  April  -  Mission  15 


I 

e 

i 


Figure  3.  SAR  Mean  Backscatter  at  40*  Incident  Angle  for  Sea  Ice  and  Open  Water 
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Table  3.  Scatterooeter  and  SAR  Values  at  40*  Incident  Angle  for  Four  Categories  of  Sea  Ice 
Referenced  to  Open  Water 
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ABSTRACT 

Active  microwave  measurements  were  made  of 
various  sea  Ice  forms  In  March  and  April  1987 
during  the  Marginal  Ice  Zone  Experiment  (MIZEX). 
These  measurements  were  made  at  1,  5,  10,  18  and 
35  GHz  using  a  synthetic  aperture  radar  (SAR)  and 
helicopter-  and  ship-based  scatterometers.  The  X- 
band  (9.8  GHz)  SAR  data  were  compared  to  the 
scatterometer  data  and  It  was  determined  that  for 
5  GHz  and  higher  frequencies  both  the  SAR  and 
scatterometers  can  differentiate  open  water,  new 
Ice  (5  -  30  cm),  first-year  ice  with  rubble 
(.60  -1.5  m),  and  multiyear  Ice.  The  analysis 
further  confirmed  that  the  C-band  (5  GHz)  SAR's 
flying  on  ESA  ERS-1  and  RAOARSAT  will 
differentiate  the  above  mentioned  Ice  types. 

Keywords i  SAR,  Microwaves.  Scatterometer,  Radar 
Backscatter,  Sea  Ice,  MIZEX. 


1.  INTRODUCTION 

Active  microwave  measurements  were  made  of 
various  sea  Ice  forms  in  March  and  April  1987 
during  MIZEX.  The  study  area  was  located  between 
76*N  and  80*N  and  10‘W  to  10*E,  In  an  area  of  the 
Fram  Strait  In  the  Greenland  Sea  (see  Figure  1). 
The  Ice  conditions  wtthln  the  Greenland  Sea  during 
the  three  week  experiment  Included:  1)  grease  Ice 
actively  forming  at  the  open  ocean  boundary;  Z)  a 
combination  of  young  frazil,  ntlas,  and  small 
pancake  first-year  Ice  forms  in  the  Odden;  3) 
multiyear  Ice  (3  to  5  meters  thick)  with  floe 
sizes  ranging  from  30  m  to  50  km  from  the  edge  to 
the  Interior;  and  4)  older  first-year  Ice  (3  to 
150  cm  thick)  of  varying  floe  size  dimensions 
Interspersed  among  the  multiyear. 

The  active  microwave  observations  included: 

1)  a  rail  mounted  ship-borne  scatterometer  system 
which  made  measurements  at  1,  5,  10,  18,  and  35 
GHz;  Z)  a  helicopter-based  scatterometer  which 
collected  parallel  and  cross  polarized  (HH;  VV; 

VH)  data  at  1.75,  5  and  10  GHz;  and  3)  an  aircraft 
equipped  with  a  SAR  that  operated  at  9.8  GHz  with 
horizontally  transmitted  and  received 
polarizations. 


MIZEX  'IT  OpenliMi  Overview 


Figure  1.  MIZEX  '87  Operations  Overview  Showing 
Ice-Edge  Variation,  Research  Foci,  and 
Key  Ship  Positions 


In  this  paper  we  first  present  the  X-band  (9.8 
GHz)  values  for  the  various  Ice  types  within  the 
marginal  Ice  zone  and  then  compare  these  SAR 
values  to  the  1,  5,  10,  18,  and  35  GHz 
measurements  obtained  by  the  real  aperture  radar 
operated  from  the  ship  and  helicopter.  The  real 
aperture  data  has  undergone  the  typical  temporal 
and  spatial  averaging  and  thus  the  effects  of 
Image  speckle  or  radar  fading  are  minimal  (Ref. 

1).  The  multi -frequency  scatterometer  data  in 
conjunction  with  the  X-band  SAR  data  Is  then  used 
to  evaluate  the  use  of  the  European  Space  Agency’s 
Earth  Resources  Satellite-1  (ESA  ERS-1)  and 
Canada's  RADARSAT  SAR's  (Refs.  Z,  3)  for  Ice  type 
classification. 

Z.  DATA  SETS 

Twenty-two  SAR  data  collection  missions  were 
flown  dally  throughout  the  experiment  using  the 
Intera  STAR  systems.  Each  mission  covered 
approximately  a  ZOO  by  ZOO  km  area  surrounding  the 
Ice-strengthened  research  vessel  POLAR  CIRCLE. 
During  flights,  SAR  data  which  were  transmitted 
via  radio  link  to  the  POLAR  CIRCLE,  were  used  to 
select  sites  to  perform  detailed  microwave 
measurements  as  a  function  of  Incidence  angle 
using  the  helicopter  and  ship  mounted 
scatterometers.  At  each  of  the  detailed  sites, 
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"sea  Ice  truth  parties"  from  POLAR  CIRCLE  would 
characterize  the  physical  and  electrical 
properties  of  snow  and  Ice.  In  addition  to  the 
specific  sites,  the  ship  borne  scatterometers 
collected  data  in  transit.  Thus,  for  the  first 
time,  SAR  sea  Ice  Imagery  can  be  correlated  with 
coincidence  scatterometer  and  sea  truth  data. 

The  parameters  of  the  STAR  system  are  presented 
In  Table  1.  Figure  2  Is  an  Image  of  a  high 
resolution  (4  x  4  m)  17  x  36  km  area  that  was 
extensively  "sea  truthed"  both  from  the  ship  and 
the  helicopter.  Indicated  on  Figure  2  are  letters 
A  through  G  which  correspond  to  the  seven  open 
water  and  sea  Ice  types  found  within  this  test 
area. 

The  ship-based  scatterometers  operated  at  1,  5, 
10,  18,  and  35  GHz  and  are  described  In  these 
proceedings  by  Onstott  and  Shuchman  (Ref.  4).  The 
1,  5,  and  10  GHz  ship-based  scatterometer  was  also 
operated  on  a  Bell  206  helicopter  and  Is  described 
In  this  Issue,  Onstott  and  Gaboury  (Ref.  5). 


3.  BACKSCATTER  RESULTS 

Thirty-three  areas  within  the  SAR  ice  Image 
shown  In  Figure  2  were  selected  for  statistical 
analysis.  Standard  statistics  (l.e.,  mean, 
standard  deviation,  variance,  skewness,  and 
kurtosis)  were  generated  on  these  areas  and 
combined  into  the  seven  water  and  sea  Ice 
catagories  Identified  on  Figure  2  and  presented  In 
Table  2.  The  SAR  data  is  seven-look  and  using  an 
equation  of  Lyzenga  et.  a  1 . ,  (Ref.  6)  the  variance 
due  to  speckle  can  be  removed,  leaving  Just  the 
spatial  variation  of  the  scatterers.  To 
illustrate  this,  Figure  3  shows  the  data  from 
Table  2  plotted  In  dB.  The  boxes  In  Figure  3 
represent  the  means  of  the  classes  and  the  extent 
of  the  error  bars  are  determined  by  adding  and 
subtracting  the  standard  deviation  of  the  spatial 
variations  (l.e.,  with  the  speckle  component 
removed)  to  the  mean  values.  Note  that  categories 
A  through  E  have  a  significant  amount  of  spatial 
variation,  while  categories  F  through  G  have  none. 
The  relativity  higher  spatial  variation  of 
catagories  B  and  C  are  thought  to  be  due  to  the 
effects  of  rubble  on  the  surface.  This  suggests 
that  automated  techniques  (Ref.  7)  utilizing  SAR 
texture  Information  (l.e.,  the  spatial  variations) 
may  prove  useful  In  sea  Ice  classification. 

Examination  of  Figure  3  reveals  that  In  general 
categories  A  and  C  through  G  are  separable 
Indicating  that  multiyear  Ice  can  be 
differentiated  from  first-year  Ice  with  rubble, 
thick  and  thin  young  Ice,  and  open  water  on  the 
X-band  (9.8  GHz)  SAR  data.  Category  B  which 
Included  a  mixture  of  multiyear,  first-year  and 
open  water  was  not  separable  due  to  the  mixed 
nature  of  the  category.  The  grease  Ice  area  had  a 
lower  return  than  the  ice  free  open  water 
suggesting  the  grease  Ice  dampened  the  capillary 
waves  which  made  the  surface  appear  smooth  to  the 
radar. 

The  SAR  values  for  multiyear,  first-year  with 
rubble,  first-year  without  rubble  and  thin  new  Ice 
were  then  compared  to  the  scatterometer 
measurements  made  at  1,  5,  10,  18  and  35  GHz  (see 
Table  3).  The  standard  deviation  of  the 
scatterometer  data  is  approximately  >.5  dB. 


Examination  of  Table  3  Indicates  that  the  SAR 
and  scatterometer  measurements  made  at  10  GHz  were 
similar.  In  general,  as  the  frequency  Increases 
the  ability  to  separate  multiyear  from  first-year 
ice  also  Increases.  The  opposite  trend  occurs 
with  decreasing  frequency.  L-band  (1  GHz)  which 
is  dominated  by  volume  scattering  and  the  effect 
of  topography  has  similar  signatures  for  multiyear 
and  first-year.  C-band  (5  GHz)  appears  to  produce 
signatures  that  are  very  similar  to  X-band  (l.e., 
volume  scattering  from  bubbles  dominates  the 
return  from  multiyear  Ice). 


4.  SUMMARY 

The  X-band  SAR  data  successfully  separated  the 
sea  Ice  types  within  the  Image.  The  SAR  derived 
backscatter  values  compared  favorably  to  the 
measurements  made  by  the  temporally  and  spatially 
averaged  scatterometer  data.  The  performance  with 
respect  to  sea  ice  classification  of  the  ESA  ERS-1 
and  RADARSAT  which  will  operate  at  C-band  (5  GHz) 
should  be  comparable  to  the  X-band  SAR  system  used 
In  MIZEX.  The  performance  of  the  Japanese  ERS-1 
operating  at  L-band  (1.2  GHz)  will  be  degraded 
with  respect  to  discriminating  first-year  from 
multiyear  ice.  All  three  of  the  above  mentioned 
satellites  should  distinguish  open  water  from  sea 
Ice,  thus  producing  useful  Ice  concentration 
information. 
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Table  1.  STAR  System  Parameters  As  Used  In  NIZEX 


PROPERTY 

STAR-2 

STAR-1 

Operating  Altitude 
Wave  length 
Polarization 

29,000  ft. 
X-band 

HH 

Viewing  Direction 

Left 

or  Right 

Processing 

Real 

time 

Recording 

8  bit  data,  full 
bandwidth  data 
recording  on 
parallel  HDOR 

4  bit  data,  either 

12  x  12m  or  24  x  24m 
pixels  on  serial 

HDOR 

Swath  width 

Narrow  (Hi -Res) 
Wide  (Lo-Res) 

17  km 

63  km 

23  km 

45  km 

Pixel  size 

Along  track/ 
cross  track 

Along  track/ 
cross  track 

Hi -Res 

4  x  4  m 

Not  used 

Lo-Res 

5.2  x  16m 

12  x  12m  or  24  x 

24m 

Downl ink 

4  bits 

4  bits 

Azimuth  Looks 

7 

7 

Lo-Res 

16  x  16m  or 

32  x  32m 

12  x  12m  or 

24  x  24m 

Figure  2.  STAR-2  Extensively  *Sea-Truthed'  High-Resolution  Imagery.  Letters  A  Through  C 
Correspond  to  the  Seven  Open  Hater  and  Sea  Ice  Types  Found  Within  This  Test  Area 
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Figure  3.  SAR  Mean  Backscatter  at  40*  Incident  Angle  for  Sea  Ice  and  Open  Hater 
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Table  3.  Scatteroaieter  and  SAR  Values  at  40*  Incident  Angle  for  Four  Categories  of  Sea  Ice 
Referenced  to  Open  Hater 
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ABSTRACT 

A  comprehensive  data  set  consisting  of  L-. 

C-,  and  X-band  polarimetric  synthetic  aperture 
radar  (SAR)  and  P-,  L-,  C-,  Ku-,  Ka-,  and  W-band 
scatterometer  measurements  were  collected  during 
the  Seasonal  Ice  Zone  Experiment  (SIZEX)  portion 
of  the  Coordinated  Eastern  Arctic  Experiment 
(CEAREX).  The  scatterometer  data  was  obtained 
from  rail-mounted  instruments  on  the  ice 
strengthened  research  vessel  P0LARBJ0RN. 

Coincident  with  the  aircraft  SAR  and  ship-based 
scatterometer  measurements  were  in  situ  samplings 
of  sea  ice  and  snow  cover  construction  and 
physical  properties.  Ice  types  encountered  during 
the  March  1989  exercise  included  nilas,  pancake, 
first-year  ridged  ice,  second  year,  and  multi¬ 
year.  The  ice  thickness  varied  from  less  than  a 
millimeter  to  greater  than  5  meters.  Areas  of 
open  water  with  varying  wind  speeds  and  open  water 
with  grease  ice  were  also  coincidentally  imaged  by 
the  SAR  and  scatterometers.  For  the  first  time, 
polarimetric  SAR  and  scatterometer  data  of 
documented  sea  ice  types  were  obtained. 

INTRODUCTION 

The  use  of  remote  sensing  during  CEAREX  was 
considered  from  both  a  tool  and  science 
discipline.  As  a  tool,  remote  sensing  techniques 
and  products  will  be  utilized  to  provide 
geophysical  information  on  ice  and  ice-free  ocean 
processes  within  the  MIZ.  Such  observations  [1-5) 
have  been  shown  to  provided  data  on  a  wide  variety 
of  phenomena  such  as  the  detection  of  eddies, 
fronts,  upwelling  areas,  internal  wave,  gravity 
waves,  surface  winds,  ice  thickness,  ice 
concentration,  ice  kinematics,  floe  size 
distributions,  and  ice  surface  roughness.  Remote 
sensing  is  the  only  means  to  obtain  mesoscale 
synoptic  coverage  of  these  phenomena  at 
sufficiently  high  spatial  resolution.  Remote 
sensing  science  issues  include  sensor  validation, 
algorithm  development  and  utilization  of  products 
obtained  through  remote  sensing  to  solve  arctic 
problems. 

An  ice  strengthened  ship  was  utilized  during 
the  eight  month  CEAREX  period  as  a  platform  to 
measure  active  and  passive  microwave  signatures  of 
snow  and  various  sea  ice  types  from  fall  freeze-up 
through  winter  ice  growth  until  early  spring. 
Microwave  signatures  studies  were  developed  to 
closely  coupled  to  surface  observations  so  that 


ice  features  and  physical  properties  to  be 
correlated  and  studied  in  detail.  Microwave 
signature  studies  extorted  from  500  MHz  to  100 
GHz,  include  complete  polarization  diversification 
(i.e.  VV,  VII,  IIV,  llll),  vith  complex  data 
(magnitude  and  phase)  collected  at  selected 
frequencies  (i.e.  fully  polarimetric  data  at  1,  2, 
5,  9,  10,  and  35  GHz).  System  parameters  for  the 
polarimetric  SAR  and  scatterometer  systems  are 
provided  in  Tables  1  and  2,  respectively.  It 
should  also  be  noted  th» t  synoptic  satellite  data 
products  from  N0AA  9/10,  DMSP(SSM/I)  and  MOS-1 
have  been  obtained  for  intercomparison  and  study. 

During  March,  sci-ntific  operations  were 
carried  out  in  the  Fram  Strait  area,  shown  in 
Figure  1.  Two  experiment  types  were  conducted.  A 
region  composed  of  ice,  the  ice  edge,  and  ocean 
and  as  large  as  200  km  y  200  km  was  imaged  using 
SAR  and  so  that  the  operation  area  of  the 
POLARBJORN  was  included.  Eight  missions  which 
covered  areas  contained  in  the  region  from  76°  11 
to  79°  N  and  7°  W  to  1°  E  were  flown  during  this 
month  using  the  ERIM/NAUC  P-3  SAR  to  simulate  ERS- 
1  (C-VV)  every  third  day  coverage.  Supplemental 
mosaics  were  created  at  L-,  and  X-band  for  support 
of  frequency  sensitivity  studies.  Observations 
were  made  from  ship  to  .kcument  in  detail  ice 
sheet  microwave  and  phy;  cal  properties  throughout 
this  region.  At  the  ccrj  letion  of  a  each  SAR 
mosaic  mission  a  narrow  fwath  transect  was  imaged 
in  the  polarimetric  mod?  with  the  purpose  to 
complement  the  SAR  mosaic  and  to  provide 
additional  polarimetric  coverage  of  the  most 
recent  ice  study  sites.  This  event  sequence  is 
illustrated  in  Figure  2.  In  addition,  a  dedicated 
polarimetric  mission  was  conducted  in  which  star 
patterns  consisting  of  three  passes  at  each  of  the 
three  SAR  frequencies  were  flown  with  the  ship  as 
the  intersection  point.  Specifics  concerning  the 
polarimetric  flights  as  well  as  the  mosaic 
missions  are  provided  in  Table  3.  Polarimetric 
scatterometer  measurement  sites  were  observed  at 
angles  from  20°  to  70°  and  are  summarized  in  Table 
4.  A  summary  of  the  major  ice  characterization 
measurements  performed  during  this  investigation 
are  provided  in  Table  5. 

•I  SUITS 

Very  preliminary  results  from  the 
polarimetric  scatteroaeter  measurements  are 
described  in  a  companim  paper.  At  the  time  of 
the  writing  of  this  paper,  no  digital  processing 


had  been  done  with  the  SAR  data  collected  during 
the  March  phase  of  the  CEAREX  investigation. 
Real-time  imagery  have  been  assembled  into  mosaics 
and  are  being  used  in  the  planning  of  future 
analysis  efforts  and  the  extraction  of  geophysical 
information  about  the  M1Z. 


ACKNOWLEDGEMENTS 


This  investigation  was  supported  by  the 
of,Naval  Research  (ONR)  contract  N00014-86- 
C-0469,  the  ONR  Technical  Monitors  were  Mr. 

Charles  A.  Luther  and  Dr.  Thomas  Curtin. 


REFERENCES 

1.  O.M.  Johannessen  et  al.,  "Ice-Edge  Eddies  in 
the  Fram  Strait  Marginal  Ice  Zone",  SCIENCE, 
Vol  236,  pp.  427-429,  April  1987. 

2.  R.A.  Shuchman,  et  al . ,  “Remote  Sensing  of 
the  Fram  Strait  Marginal  Ice  Zone",  SCIENCE, 
Vol  236,  pp.  429-431,  April  1987. 

3.  T.O.  Manley,  R.A.  Shuchman,  B.A.  Burns,  "Use 
of  Synthetic  Aperture  Radar-Derived 
Kinematics  in  Mapping  Mesoscale  Ocean 
Structure  Within  the  Interior  Marginal  Ice 
Zone",  Journal  of  Geophysical  Research,  Vol 
92,  No.  C7,  pp.  6837-6842,  June  1987. 

4.  T.O.  Manley,  et  al.,  "Mesocale  Oceanographic 
Process  Beneath  the  Ice  of  Fram  Strait, 
SCIENCE,  Vol  236,  pp. 432-434.  April  1987. 

5.  W.J.  Campbell  et  al.,  “Variations  of 
Mesoscale  and  Larch-Scale  Ice  Morphology  in 
the  1984  Marginal  Ice  Zone  Experiment  as 
Observed  by  Microwave  Remote  Sensing", 
Journal  of  Geophysical  Research,  Vol  92,  No. 
C7,  pp.  6805-6824,  June  1987. 


□ 


r  Mov»c 


■  NtMfot*  Sw.  :»»>  f'.jhj 


Figure  2.  CEAIZLX  SAP  Dola  Collodion  Uiaqtom 


i;ibh?  1  I’  3  :;au  System  Sp^cilicnt“)»s 


Pmamrlrr 

X 

L 

i: 

Wavelength 

3  2  cm 

24  cm 

f.  cm 

Frequency 

•  375  Gllj 

t  25GIU 

5  20  GHz 

P«ck  Tranvmncf  Power 

1  5kW 

50kW 

t  4  kW 

Receiver  No***  Figure 

SOdB 

4  OdO 

5  0  dB 

System  Losses 

C  i  dtl 

SOdB 

?  t 

dB  Transmitted  Pulse  Width 

40ys*c 

4  0|isec 

4  0  |iV*C 

Maximum  Gieund  Speed 

350  Knots 

350  Knots 

3rO  Kujts 

Aillema  AzenuHi  Bcanmndlli 

1  2i' 

10'  (V)  9  5  (H) 

22 

Antenna  Azwnuii  Bcanwwdth 

CSC  * 

45' 

CSC' ' 

Polarization  Isolation 

71  dO 

23  dO 

23  dO 

Table  2. 

COORDINATED  EASTERN  ARCTIC  EXPERIMENT 
ACTIVE  MICROWAVE  MEASUREMENT  PROGRAM 


Figure  1.  Operation  Area 


Table  3.  SAR  Flights  in  Support  ol  SIZEX/CEADEX 


MM* 


**¥• 

MM* 


6*3  *  Mr 

(*S  *  I tmmtm  vy 

(Mi  tMmti  vy 

«*S  l  Vwaia.  w 

(MS  t  Wm.  «•  W 


("3  »  Mwima  w 

(*>1  '•« 

V  Cim  ISIMMS  *V 

'*■  C*~e  W 

r«3  •  imwi  a 

res  wmv  m 

Mi-in**  »fa 

ItaS 

»ms  i  e  in—*—  w 

!(•*  WlMW  fy* 

(OS  >WIM«  Fh* 

(MS  I  IMMMP  VV  MH 
(OS  Sa»w>M»  '«• 

(OS  *  IwMaim  W 


Cw+n  •**«*/  s-mv  Cm  M  W 

O' •*'••■*  •••  *«— »t  tiwstnn 
Cane«  «.<**/  -A’ana'O-CMM 

»«  MMti  Iwsg^*,  lm*M 
c**'**  ’*'*mV{MM  VV 


Table  5.  Ice  Chnraclci Nation  Measurements 
During  CEAREX  -  88/09 


•  Snow  Characterization  (General) 

•  Surlnco  Roughness 

•  Low  Density  Ice  Layer 

•  I  ligh  Density  tee  Layer 

•  Density 

•  Salinity 

•  Temperature 

•  tnhomogemeties  in  Ice  ( Thick  Section) 
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Table  4.  Ship-Based  Polarimetric  Scatter ometer 
Site 


Date 

Time 

Description 

18  Mar 

1935 

Multiyear  Ice  Floe 

19  Mar 

0000 

Open  Water-Ice  Growth  Evolution 
Experiment  (T  -  0  to  5  cm) 

19  Mar 

1000 

Young  First-Year  ice  Floe 
(T  -  50  cm) 

19  Mar 

1730 

New  Ice  TT  -  5.5  cm)  with  80% 
Frost  Flower  Coverage 

19  Mar 

2230 

Grey  White  First- Year  Ice 
(T  «  35  cm) 

20  Mar 

0830 

Large  Thick  Multiyear  Ice 

20  Mar 

1950 

Open  Water 

21  Mar 

1150 

Multiyear  Ice 

21  Mar 

1850 

Open  Water 

22  Mar 

1330 

Open  Water 

23  Mar 

1400 

Multiyear  ice 

24  Mar 

1030 

Open  Water 

24  Mar 

2200 

First-Year  Ice  (T  - 1 .6  m) 

26  Mar 

1200 

Multiyear  Ice 

27  Mar 

1230 

Open  Water 

28  Mar 

1150 

Multiyear  Ice 
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TEXTURAL  ANALYSIS  AS  A  SAR  CLASSIFICATION  TOOL 


Barbara  A.  Burns  and  David  R.  Lyzenga,  Environmental  Research 
Institute  of  Michigan,  Ann  Arbor,  Michigan  48107 


1.  INTRODUCTION 

Textural  patterns  are  a  key  element  used  by  image  interpreters,  in  con¬ 
junction  with  image  tone  and  context,  to  characterize  components  in  a  scene. 
These  patterns  result  from  surface  structures  with  features  spaced  too  close 
together  to  be  individually  discerned.  The  perceived  texture  is  visible  in 
the  image  as  the  spatial  frequency  of  tonal  changes  in  an  area  due  to  an 
aggregate  of  unit  features  (Ray,  1960).  In  radar  images,  these  tonal  changes 
represent  changes  in  backscatter  cross  section  which,  for  example,  may  corre¬ 
spond  to  topographic  variations,  as  in  a  drainage  network  or  drumlin  field, 
reflection  coefficient  variations,  as  on  the  surface  of  a  ponded  multi-year 
ice  floe,  or  roughness  variations,  as  in  a  vegetation  canopy.  The  perception 
of  texture  is  also  highly  dependent  on  the  resolution  of  the  imagery.  When 
the  size  of  the  resolution  cell  approximates  the  size  of  the  unit  feature  or 
when  it  encompasses  the  entire  texture  region,  tonal  properties  dominate  the 
image.  As  more  unit  features  become  distinguishable,  textural  properties 
dominate  (Haralick,  1979). 

The  aim  of  textural  analysis  is  to  describe  in  quantitative  terms  the 
local  properties  of  the  unit  features  making  up  a  texture,  and  the  spatial 
relationship  between  them.  The  unit  features,  referred  to  as  tonal  primi¬ 
tives,  may  be  specified  with  local  properties  such  as  average  gray  level, 
shape,  size,  etc.,  and  their  Interdependence  described  as  probabilistic  or 
functional  or  in  terms  of  structural  elements  (Haralick,  1979).  The  desired 
end  product  of  textural  analysis  Is  a  set  of  texture  measures  (a  feature  vec¬ 
tor)  that  captures  both  the  tonal  and  spatial  characteristics  of  each  textural 
pattern  in  the  scene.  These  feature  vectors  can  then  be  used  either  alone  or 
in  conjunction  with  Image  tone  vectors  in  multivariate  image  segmentation 
algorithms.  The  added  dimensionality  allowed  by  using  textural  features  is 
especially  Important  to  the  "single-band*  imagery  typically  collected  by  radar 
systems. 

A  useful  working  definition  for  texture  is  a  basic  local  quasi -homogeneous 
pattern  (tonal  primitive)  whose  spatial  distribution  over  some  image  region 
is  periodic,  quasl-perlodic,  or  probabilistic  (Modestino,  et  al.,  1981; 
Faugeras  and  Pratt,  1980).  This  definition  leads  naturally  to  a  statistical 
parameterization  of  texture,  which  is  particularly  suitable  to  natural  tex¬ 
tures  appearing  In  remote  sensing  Imagery.  The  major  statistical  approaches 
to  quantifying  texture  are  based  on  second-moment  properties,  edge  density, 
spatial  similarity,  spatial  gray-level  co-occurrence  probabilities,  gray-level 
run  lengths,  and  two-dimensional  autoregressive  models  (Modestino,  et  al., 
1981;  Haralick,  1979).  These  approaches  differ  primarily  in  which  aspect  of 
texture  they  describe:  statistical  descriptions  of  the  tonal  primitive's 
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local  properties,  statistical  descriptions  of  their  global  spatial  organiza¬ 
tion,  or  structural  descriptions  of  the  local  primitives  and  their  spatial 
relationship.  Most  techniques  emphasize  one  aspect  only  and  assume  that  the 
texture  can  be  uniquely  described  by  it. 

In  light  of  the  definition  given  above,  it  is  clear  that  coherent  speckle 
can  be  a  significant  component  of  a  texture  when  the  size  of  the  tonal  primi¬ 
tives  is  on  the  order  of  the  radar  resolution.  Coherent  speckle  is  a  funda¬ 
mental  property  of  any  coherent  imaging  system  such  as  SAR  that  is  strongly 
influenced  by  interference  effects  between  scattering  centers  within  each 
resolution  element.  Speckle  causes  the  image  intensity  (tone)  to  fluctuate 
widely  from  pixel  to  pixel  even  if  the  surface  is  uniform  in  a  statistical  or 
geophysical  sense.  The  statistical  characteristics  of  speckle  are  well  known 
and  have  been  studied  both  theoretically  (e.g.,  Goodman,  1976)  and  empirically 
(e.g.,  Lee,  1981).  It  appears  reasonable  then  that  use  of  statistical  methods 
of  quantifying  texture  in  SAR  imagery  should  most  easily  allow  coherent  spec¬ 
kle  to  be  accounted  for. 

This  paper  reviews  the  application  of  a  variety  of  texture  algorithms  to 
synthetic  aperture  radar  (SAR)  data,  discusses  the  problems  that  arise  in 
applying  these  algorithms  due  to  the  presence  of  coherent  speckle,  and  pre¬ 
sents  an  example  of  SAR  image  segmentation  using  an  algorithm  which  does 
account  for  speckle. 


2.  TEXTURE  ANALYSIS  OF  SAR  IMAGERY 

Texture  algorithms  have  been  used  to  classify  or  segment  scenes  from  SAR 
imagery  of  a  wide  variety- of  terrains.  These  have  included  areas  with  litho¬ 
logic  and  topographic  variations,  agricultural  areas,  and  sea  ice.  Few  of 
the  applications  have  addressed  the  presence  of  speckle  or  its  effect  on  the 
derived  texture  measures.  The  approaches  taken  to  quantify  texture  have  also 
varied,  although  little  work  has  been  done  to  determine  the  optimum  technique 
for  a  given  application.  Some  theoretical  and  empirical  comparisons  of  dif¬ 
ferent  texture  models  have  been  carried  out  (Conners  and  Harlow,  1980;  Weszka, 
et  al.,  1976;  Gerson  and  Rosenfeld,  1975),  but  in  general  the  relative  success 
of  a  given  technique  appears  to  be  scene  dependent. 

The  techniques  that  have  been  used  for  classification  or  segmentation  of 
SAR  imagery  include  digital  Fourier  transforms,  spatial  gray-level  co¬ 
occurrence  probabilities,  statistics  of  local  properties,  and  autoregressive 
models.  These  techniques  have  been  Implemented  in  two  ways.  In  one  the  tex¬ 
ture  algorithm  is  applied  to  the  entire  image,  or  to  subimages  representing 
different  perceived  textures,  to  derive  a  feature  vector  for  each  textural 
component.  The  textural  features  derived  from  the  subimages  can  then  be  used 
to  identify  categories  in  the  entire  image  or  in  a  group  of  subimages.  A 
second  way  is  to  use  textural  features  calculated  on  small  neighborhoods  to 
produce  a  pixel-by-pixel  transformation  of  the  image  into  a  "texture  image" 
(Haralick,  1975).  The  advantage  of  the  texture  transform  is  that  it  preserves 
the  resolution  obtained  by  the  sensor.  It  can  be  used  to  produce  thematic  or 
classification  maps,  or  to  generate  one  or  more  texture  channels  to  be  used 
either  alone  or  with  tonal  channels  as  input  to  a  pixel-by-pixel  segmentation 
algorithm. 

The  Fourier  transform  technique  measures  texture  in  terms  of  spatial  fre¬ 
quencies  and  therefore  the  size  of  tonal  primitives  as  characterized  by  gray 
level.  The  higher  the  spatial  frequency,  the  smaller  the  tonal  primitive  and 
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the  finer  the  texture.  Conversely,  a  coarse  texture  will  have  large,  slowly 
varying,  tonal  primitives  associated  with  low  spatial  frequencies. 

The  textural  features  derived  with  this  method  are  based  on  the  power 
spectrum  of  the  sample  image 

d(u,  v)  -  Fg(u,  v)  •  F*(u,  v)  =  | Fg(u,  v) | 2  (1) 

where  p  is  the  sample  power  spectrum,  and  Fg  is  the  Fourier  transform  of 
the  image.  Features  are  derived  using  three  sampling  geometries: 

1.  Annular  ring  (frequency  band  averaged  over  all  directions), 

2.  Wedge  (directional  band  averaged  over  a  range  of  frequencies),  and 

3.  Parallel  slit  (frequency  band  at  a  given  direction). 

Mathematically,  annular  ring  geometry  gives  a  set  of  feature  vector  amplitudes 
(using  polar  coordinates) 


Sj  =  f  J  P(o,  e) 
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where  ms  -  number  of  slits,  and  it  is  assumed  that  the  u,  v  plane  has  been 
rotated  to  a  specified  direction  o. 

When  used  with  SAR  data,  the  Fourier  transform  technique  has  been  applied 
to  the  entire  image  using  separate  frequency  bands  (annular  ring  geometry)  to 
segment  the  different  texture  regions  within  the  image.  Farr  (1982)  applied 
this  technique  to  Seasat  and  SIR-A  data  of  a  heavily  vegetated  area  of  Belize 
in  Central  America.  Bandpass  filtering,  followed  by  an  unsurpervised  cluster¬ 
ing  routine,  provided  good  separation  of  units  with  different  degrees  of 
weathering,  expressed  in  the  ruggedness  of  the  terrain,  lowlands,  and  to  some 
extent  karst  topography.  A  similar  analysis  was  carried  out  by  Evans  and 
Stromberg  (1983)  on  SIR-A  imagery  of  a  complex  terrain  in  which  topographic 
textures  can  be  related  to  underlying  lithologic  units  of  interest.  In  this 
case,  low-pass  filtering  was  first  applied  to  separate  the  large-scale  bright¬ 
ness  variations  caused  by  variations  in  surface  roughness,  from  the  topo¬ 
graphic  component  of  interest.  Topographic  textures  were  then  parameterized 
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through  bandpass  filtering  and  classification  maps  produced  using  unsupervised 
clustering  and  a  hybrid  parallelepiped  and  Bayesian  classifier,  both  with  and 
without  surface  roughness  (tone)  data  as  an  added  input.  The  Fourier  trans¬ 
form  technique  has  also  been  used  to  obtain  image  components  to  code  a  hue- 
saturation-intensity  image  enhancement  transformation  (Blom  and  Daily,  1982). 

The  spatial  gray-level  dependence  method  (SGLDM),  as  described  by 
Haralick,  et  al .  (1973),  is  a  more  general  procedure  for  extracting  textural 
properties.  Features  derived  with  this  method  can  be  related  to  texture  char¬ 
acteristics  of  the  image  such  as  homogeneity,  gray  tone,  linear  dependencies 
(linear  structure),  contrast,  and  image  complexity.  Based  on  the  assumption 
that  texture  information  is  contained  in  the  average  spatial  relationship 
which  gray  tones  in  the  image  have  to  one  another,  these  features  are  calcu¬ 
lated  from  gray-tone  co-occurrence  statistics. 

More  specifically,  textural  features  are  derived  from  estimations  of  the 
second-order  joint  conditional  probability  density  function  calculated  on  each 
neighborhood  or  subimage.  Following  the  notation  of  Conners  and  Harlow 
(1980),  let  f(g,h|d,e)  be  the  probability  of  going  from  gray  level  g  to  gray 
level  h,  given  pjxel  spacing  d  and  direction  e,  e  =  0*,  45*,  90*,  135*,  180*, 
225*,  270  ,  315*.  If  the  distinction  between  opposite  directions  can  be  ig¬ 
nored  ( i . e . ,  0*  is  the  same  as  180°),  these  functions  can  be  written  in  the 
form  of  symmetric  co-occurrence  matrices  of  size  Ng  x  Ng,  where  Ng  = 
number  of  gray  levels: 


S0(d)  -  [f(g,h|d,0*)] 

(5) 

S45(d)  -  [f(g,h |d,45* )] 

(6) 

S9Q(d)  «  [f(g,h  |d,90* )] 

(7) 

135(d)  -  [f(g,h  Id,  135*)]  . 

(8) 

Examples  of  the  commonly  derived  textural  features  are 


Inertia 
(or  Contrast) 


V'  V 

EE  (9  -  h)2sfl(g,h|d)  , 
g-0  hmO 


(9) 


V1  V1 

Entropy  =  EE  se(g,h|d)  log  sfl(g,hld)  ,  (10) 

g-0  h-0 


V  V' 

-EE  (sfl(g,h|d))2, 

g-0  h-0 


Uniformity 


(ID 
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Inverse  Difference 
Moment 


N6-l  n6-i 


EE 

g-0  h»0 


sft(g,h|d) 

1  Mg  -  h)2 


and 


(12) 


Maximum  Probability  -  max  sa(g,h|d)  ,  (13) 

gh  * 

where  s9(g,h|d)  is  the  (g,h)th  element  of  S0(d).  Note  that  these  fea¬ 
tures  are  derived  for  specific  (d,o).  Means  and  ranges  of  features  obtained 
at  different  (d,e)  are  also  used  as  representative  texture  measures. 


Shanmugan,  et  al.  (1981)  used  the  spatial  gray-level  dependence  method  to 
characterize  sub images  from  Seasat  imagery  representing  different  densities 
and  orientations  of  erosional  and  stress  features.  Co-occurrence  matrices 
were  computed  for  d  *  1,  2,  4,  and  8,  and  o  ■  0,  -5*,  90*.  and  135*.  Mean 
values  of  the  four  features  contrast,  uniformity,  inverse  difference  moment, 
and  maximum  probability,  averaged  over  all  four  directions,  were  plotted  one 
against  the  other  in  scatter  diagrams.  Image  categories  were  well  separated 
in  the  plots  even  though  the  subimages  had  nearly  the  same  gray-level  mean 
and  variance. 


The  SGLOM  has  also  been  used  in  a  transform  mode  with  both  Seasat  and 
aircraft  SAR  data.  Nuesch  (1982)  used  a  textural  transform  of  Seasat  imagery 
to  aid  in  crop-type  classification.  Texture  feature  images  representing 
average  inertia  and  average  entropy  were  level  sliced  to  obtain  fairly  good 
delineation  of  soybean  field  boundaries.  Holmes,  et  al.  (1984)  used  this  same 
procedure  with  SAR  data  of  Beaufort  Sea  ice  to  obtain  a  classification  map  in 
which  multi-year  and  first-year  ice  could  be  distinguished  with  65  percent 
accuracy.  In  both  analyses,  a  non-linear  isotropic  filtering  algorithm  was 
applied  to  the  data  to  produce  an  image  representing  local  mean  tone,  which 
was  subtracted  from  the  original  image  prior  to  texture  analysis. 

First-order  statistics  of  local  properties  such  as  mean  gray  level,  gray- 
level  differences,  or  Euclidean  distance,  in  the  case  of  multi-dimensional 
data,  are  also  used  as  textural  features.  The  probability  density  function 
from  which  the  statistics  are  derived  is  calculated  over  a  specified  pixel 
neighborhood  or  subimage.  Different  sizes  of  neighborhoods  can  be  used  to 
detect  different  sizes  of  tonal  primitives. 

In  the  most  elementary  form,  the  texture  measures  used  are  mean  and  vari¬ 
ance  of  gray  levels  in  a  neighborhood  N  of  n  pixels: 


u  «■“  2  1(1. j) 

(l.j)cN 


(14) 


var-I  2  {1{i*j)  -  ")2  (15) 

(i.j)cN 

where  I ( 1 , j )  is  the  Image  intensity  of  the  (1,J)th  pixel.  The  histogram  of 
1(1, j)  within  a  neighborhood  has  also  been  used  as  a  texture  measure. 

Local  variance  has  been  used  to  parameterize  texture  In  a  Seasat  scene  of 
geologic  Interest  (Blom  and  Daily,  1982),  and  an  aircraft  SAR  scene  of 
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Beaufort  Sea  ice  (Burns,  et  al.,  1982).  In  the  latter  analysis,  a  variance 
transform  produced  a  classification  map  more  quickly  than  the  S6LDM  and  with 
approximately  the  same  accuracy  for  the  major  ice  types.  In  the  Seasat  study, 
a  variance  image  was  used  as  an  additional  classification  channel  in  conjunc¬ 
tion  with  Seasat  tone  and  Landsat  single  band  and  band  ratio  channels  in  a 
discriminant  analysis.  Classification  accuracy  of  the  thirteen  rock  units  of 
interest  increased  14  percent  with  the  addition  of  the  texture  channel. 

A  more  sophisticated  form  is  the  gray-level  difference  method  (GLDM) 
(Weska,  et  al.,  1976).  In  this  case,  statistics  are  calculated  from  a  differ¬ 
ence  image 

I4(i.j)  -  |Ki.j)  -  I(i  +  Ai,  j  ♦  aj)  | 

where  «  =  (ai.aj)  is  a  specified  displacement.  For  each  neighborhood  or  sub¬ 
image,  the  gray-level  difference  density  function  is  estimated 

f(9l«)  -  P(I4(i.j)  -  9)  (16) 

where  g  represents  the  possible  gray  level  difference  values.  Texture  mea¬ 
sures  are  then  based  on  the  moments  of  f  ( g  1 6 )  in  much  the  same  way  as  the 
SGLDM.  For  example: 


V1 

Contrast  *  g2f(g|«)  (17) 

g*0 

V1 

Entropy  -  f(gl«)  log  f(g|a)  (18) 

9-0 

V1 

Mean  «  ^  g  f(g|s)  (19) 

g»0 


where  Ng  is  the  number  of  possible  gray-level  differences.  Again  these 
features  are  derived  for  one  value  of  «  only,  i.e.,  one  direction  and  magni¬ 
tude  of  displacement.  Several  features  calculated  for  orthogonal  directions 
and  one  or  more  displacement  magnitudes  are  required  to  form  a  descriptive 
textural  feature  vector. 

The  GLOM  was  applied  to  Seasat  imagery  of  volcanic  units  in  Iceland  by 
Kasischke,  -et  al.  (1983)  in  a  texture  transform  mode.  Contrast  and  entropy 
feature  images  were  level  sliced  to  obtain  thematic  maps  of  the  scene  which, 
when  compared  to  geologic  maps  of  the  area,  showed  some  degree  of  correlation 
between  major  lithologic  units  and  textural  measures.  In  this  analysis,  the 
Seasat  data  were  median  filtered  to  reduce  the  effect  of  coherent  speckle 
prior  to  performing  the  texture  transform. 

Autoregressive  models  have  not  been  used  extensively  with  SAR  data  and 
will  be  briefly  mentioned  here  only  for  completeness.  In  general,  autoregres¬ 
sive  models  describe  the  linear  dependence  of  one  pixel  or  group  of  pixeTs  on 
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another  and  tnereby  the  spatial  organization  of  tonal  primitives.  When  em¬ 
ployed  in  segmentation  applications,  an  autoregressive  model  associated  with 
each  class  is  specified.  A  classification  criterion  based  on  a  priori  class 
statistics  is  then  applied  to  each  pixel  or  block  of  pixels  to  determine 
whether  or  not  the  pixel  (or  block)  is  at  a  boundary  between  classes  in  the 
image. 

Holt,  et  al .  (1984)  applied  an  autoregressive  model  technique  to  Seasat 
SAR  imagery  of  the  Beaufort  Sea  to  classify  ice  types.  The  data  were  first 
filtered  to  reduce  coherent  speckle,  then  the  autoregressive  model  for  each 
class  derived  from  small  areas  in  the  imagery.  These  models  were  then  used 
to  segment  the  entire  image,  and  the  resulting  image  then  served  as  input  to 
a  hue-saturation-intensity  transformation  in  order  to  best  display  the  derived 
ice  and  water  classes. 


3.  SPECKLE  REDUCTION  AND  TEXTURE  ALGORITHMS 

In  the  applications  cited  above,  the  presence  of  speckle  in  the  SAR  data 
was  addressed  by  a  spatial  filtering  pre-processing  step,  if  addressed  at  all. 
Nevertheless,  it  is  important  to  determine  the  influence  of  speckle  noise  on 
various  measures  of  image  texture  in  order  to  assess  their  sensitivity  to  real 
geophysical  variations,  their  dependence  on  the  SAR  system  configuration,  and 
the  degree  to  which  they  are  statistically  independent  of  other  indicators 
such  as  the  local  mean  image  intensity.  In  this  section,  the  theory  describ¬ 
ing  the  statistical  properties  of  speckle  is  reviewed,  and  this  theory  is 
applied  to  a  few  example  indicators  of  image  texture.  Analytical  results  are 
possible  only  for  the  simpler  texture  measures,  but  it  should  be  possible  to 
use  numerical  image  simulations  incorporating  speckle  to  evaluate  the  more 
complicated  texture  algorithms  as  well. 

In  the  "classical"  theory  of  speckle  (see  e.g.,  Goodman,  1976),  it  is 
assumed  that  each  resolution  cell  consists  of  a  large  number  of  randomly  dis¬ 
tributed  scattering  centers,  resulting  in  a  set  of  backscattered  signals  whose 
phases  are  uniformly  distributed  from  0  to  2*.  Since  the  size  of  a  resolution 
cell  is  typically  many  wavelengths  in  the  range  dimension,  this  assumption  is 
almost  always  met  for  distributed  scattering  surfaces.  Adding  the  contribu¬ 
tions  from  each  of  these  scattering  centers  results  in  a  random  signal  whose 
amplitude  (a)  and  Intensity  (v)  have  the  following  probability  distribution 
functions: 


P  (a)  -  —  e  v  (20) 

a  7 

2 

PfvJ-ie7  (21) 

v 

where  v  -  a?  is  the  mean  signal  intensity  received  from  a  large  number  of 
similar  resolution  cells,  or  from  a  single  resolution  cell  viewed  from  a  large 
number  of  slightly  different  viewpoints.  Note  that  the  standard  deviation  of 
the  intensity  (i-e*«  rms  noise)  is  equal  to  the  mean  signal  intensity, 
while  the  standard  deviation  of  the  amplitude  Is  equal  to  y/Alw  -  1  85  0.523 
times  the  mean  amplitude. 
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If  N  such  intensities  are  averaged  together  (e.g.,  if  the  data  is  proc¬ 
essed  with  N  looks)  the  resulting  intensity  follows  the  chi-square  distribu¬ 
tion  (Porcello,  et  al.,  1976): 


N 


V 


N-l 


e 


Nv 

7 


while  the  square  root  of  the  intensity  follows  the  distribution 


(22) 


PNa<a> 


imr-TT 


4) 


a^e 


(23) 


Note  that  the  standard  deviation  of  the  speckle  intensity  for  N-look  data  is 
equal  to  l/VN  times  the  mean  intensity. 


Since  the  intensity  variation  due  to  speckle  is  proportional  to  the  mean 
signal  intensity,  speckle  is  often  referred  to  as  "multiplicative  noise". 
Accordingly,  the  signal  intensity  at  any  point  (x,y)  in  a  SAR  image  can  be 
written  as 


v(x.y)  -  vt(x,y)[l  ♦  e(x,y)]  (24) 

where  vt(x,y)  is  the  “true"  signal  and  c(x,y)  represents  the  fractional 
"error"  in  the  recorded  signal.  This  error  factor  has  a  mean  value  of  zero, 
a  standard  deviation  of  l/\/TT,  and  follows  the  distribution 

Pw(0  «-(irrT)T  0  *  c)N~1  e~W(1*t)  (25) 

for  N-look  data. 

From  Eqs.  (24)  and  (25)  one  can  derive  the  distribution  function  for  the 
recorded  signal  as 


P(v) 


NN 

TFTttj 


T  /’.<«•>  (fr) 


N-l 


Nv 

T7"  ay- 


(26) 


where  pt(v‘)  is  the  distribution  function  of  the  true  signals.  The  nth 
moment  of  this  distribution  function  is 


vn  -  / Vnp(v)  dv  .  Uy-n  -  v?  .  (27) 

0  Nn(N  -  1):  1 

Thus,  the  mean  value  of  the  observed  signal  intensities  (for  a  large  number 
of  points)  is  equal  to  the  "true"  mean,  i.e.. 


(28) 
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and  the  observed  signal  variance  Is  given  by 

o2.V?-v2-  (l  +  w)  °t  +  W  (29) 

where  a\  is  the  "true"  variance. 

The  non-Gaussian  nature  of  speckle  noise  has  implications  for  machine 
classification  of  SAR  images  using  either  image  tone  or  texture.  For  example, 
if  two  terrain  classes  are  characterized  by  Gaussian  signal  statistics  with 
mean  signal  intensities  vj  and  V2  and  standard  deviations  o]  and  02, 
respectively,  an  optimum  tonal  classification  of  the  image  into  these  two 
categories  is  obtained  by  using  the  "decision  boundary" 


This  decision  boundary  equalizes  the  probabilities  of  misclassification  for 
the  two  categories  and  thus  minimizes  the  total  error.  In  general,  the  cri¬ 
terion  or  an  optimum  decision  boundary  can  be  stated  as 


where  pi(v)  is  the  signal  distribution  for  the  terrain  category  with  the 
lower  mean  intensity,  and  P2(v)  is  the  higher  signal  distribution.  If 
Pl  ( v)  and  P2(v)  are  Gaussian  distributions,  this  gives  the  decision 
boundary  indicated  by  Eq.  (30).  However,  if  these  distributions  are  non- 
Gaussian,  the  optimum  decision  boundary  implied  by  Eq.  (31)  may  be  signifi¬ 
cantly  different  than  that  given  in  Eq.  (30).  Therefore,  classification  al¬ 
gorithms  developed  for  multispectral  scanner  data  may  not  be  valid  for  SAR 
data. 

Similarly,  the  use  of  the  local  signal  variance  as  an  index  of  image 
"texture"  must  be  done  carefully,  since  Eq.  (29)  indicates  that  the  observed 
variance  is  dependent  on  the  mean  signal,  or  the  image  tone.  Thus,  the  fact 
that  two  terrain  classes  have  different  signal  variances  as  well  as  different 
mean  signals  may  not  necessarily  imply  that  the  variance  contains  any  addi¬ 
tional  geophysical  information.  However,  if  the  variance  is  divided  by  the 
square  of  the  local  mean,  or  if  the  quantity  v^/N  is  subtracted  from  the 
local  variance,  the  result  would  be  independent  of  the  local  mean  and  any 
additional  information  supplied  by  this  measure  would  be  readily  apparent. 

More  complicated  measures  of  texture  involve  the  spatial  patterns  of  in¬ 
tensity  variations  in  the  image.  One  example  is  the  set  of  measures  obtained 
by  taking  the  Fourier  transform  of  the  image  (or  a  subset  of  the  image).  In 
order  to  evaluate  the  effects  of  speckle  on  such  texture  measures.  Information 
about  the  spatial  distribution  of  the  intensity  variations  Induced  by  the 
speckle  phenomenon  is  required. 

Returning  to  Eq.  (24),  the  Fourier  transform  of  the  Image  Intensity  may 
be  represented  as 

F(kx,  ky)  -  Ft(kx.  ky)  ♦  Ft(kx.  ky)  ®  Fc(kx,  ky) 


(32) 
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where  Ft(kx,  ky)  Is  the  Fourier  transform  of  the  true  signal  and 

Fe(kx,  ky)  is  trie  Fourier  transform  of  c(x,  y) .  If  the  speckle  pattern 

is  assumed  to  be  uncorrelated  from  point  to  point,  then  Fc  is  "white"  and 
the  convolution  of  Ft  with  FE  is  also  white  (Wu,  1980).  This  means  that 

the  value  of  this  function  is  randomly  distributed  with  a  mean  value  which  is 
independent  of  kx  and  ky.  Under  these  conditions,  the  image  spectrum 

(i.e.,  the  squared  absolute  value  of  the  Fourier  transform)  is  given  by 

5(kx,  ky)  »  St(kx,  ky)  +  S$(kx,  ky)  (33) 


where  St(kx,  ky)  is  the  true  spectrum  and  Ss(kx,  ky)  is  the  spec¬ 

kle  spectrum,  using  Parseval's  theorem,  the  integral  of  S(kx,  ky)  over 
the  entire  frequency  plane  is  equal  to  v?  and  the  integral  of  St(kx, 
ky)  is  equal  to  v£.  Therefore,  by  subtraction  and  using  Eq.  (27),  the 

integral  of  Ss(kx,  ky)  is  equal  to 


7 


7  * 

vt  “  T  = 


7 


(34) 


Thus,  the  contribution  of  speckle  to  the  measured  spectral  intensity  in  any 
spectral  interval  is  proportional  to  the  mean  square  signal.  The  same  caveats 
that  apply  to  the  signal  variance  as  a  texture  measure  therefore  also  apply 
to  any  measure  derived  from  the  spatial  frequency  spectrum  of  the  image. 


3.1  Example 

As  an  illustration  of  the  application  of  a  texture  algorithm  in  which 
speckle  has  been  accounted  for,  some  recent  work  on  segmentation  of  SAR 
imagery  of  sea  ice  is  presented.  Texture  analysis  is  used  in  this  application 
in  an  attempt  to  improve  machine  discrimination  of  sea  ice  types  in  SAR 
imagery.  In  general,  tonal  information  alone  does  not  allow  discrimination 
of  all  ice  types  that  can  be  distinguished  visually.  In  addition  to  reducing 
confusion  in  machine  classification  of  sea  ice,  it  is  hoped  that  exploitation 
of  textural  information  will  also  lead  to  a  better  understanding  of  the  scat¬ 
tering  properties  of  the  various  ice  types. 

A  local  variance  texture  algorithm  has  been  applied  in  a  texture  transform 
mode  to  SAR  imagery  to  parameterize  the  image  texture  of  sea  ice.  In  this 
algorithm,  speckle  was  removed  based  on  the  relationship  given  in  Eq.  (29). 
The  radar  imagery  used  in  this  study  was  obtained  16  March  1979  in  the 
Beaufort  Sea  with  the  ERIM/CCRS  SAR  system.  The  optical  imagery  with  1.5  m 
resolution  had  been  digitized  at  3  m  pixel  spacing,  resulting  in  "2-look" 
digital  imagery.  The  512  x  512  pixel  image  selected,  presented  in  Figure  1, 
is  from  the  Xhh  channel  and  contains  the  major  ice  types:  first-year  (FY), 
second-year  (SY),  multi-year  (MY),  first-year  rough  (FYR),  and  multi-year 
rough  (MYR).  This  imagery  has  also  served  as  the  basis  for  the  investigation 
by  Holmes,  et  al.  (1984). 

One  difficulty  in  implementing  texture  transform  routines  is  to  determine 
the  size  of  window  that  best  matches  the  characteristic  lengths  of  tonal  vari¬ 
ations  of  interest.  If  the  window  is  too  small,  the  resulting  texture  mea¬ 
sures  themselves  exhibit  a  high  degree  of  variability  within  a  single  class 
and  any  texture  value  assigned  the  class  is  highly  uncertain.  If  the  window 
is  too  large,  distinctions  in  texture  are  averaged  out.  In  this  study,  window 
sizes  of  7  x  7  and  11  x  11  were  evaluated;  the  7x7  appeared  too  small  and 
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the  11  x  11  was  adopted.  The  Implications  of  this  choice  is  commented  on  in 
the  discussion  of  results. 

The  variance  algorithm  was  applied  to  the  sea  ice  image  in  accordance  with 
Eq.  (29)  with  N  =  2.  A  variance  transform  routine  was  first  applied  to  pro¬ 
duce  an  image  representing  (observed  signal  variance).  This  image,  shown 
in  Figure  2,  highlights  areas  of  extreme  roughness  (rubble  areas)  and  ridging 
rather  than  the  textural  differences  between  ice  types  observable  in  Figure  1. 
An  image  representing  the  mean  Vt  was  obtained  and  combined  with  the  vari¬ 
ance  image  following  Eq.  (29)  to  produce  the  image,  shown  in  Figure  3, 
representing  "true"  variance  or  variance  texture.  Comparing  Figures  2  and  3, 
ice  types  appear  to  be  more  easily  distinguished  in  the  variance  texture  image 
than  in  the  variance  image.  Also  note  that  FY  ice  shows  a  higher  texture  than 
MY  ice  in  Figure  3  due  probably  to  the  use  of  an  11  x  11  pixel  window. 

The  actual  classification  accuracy  of  the  image  segmentation  produced  by 
the  variance  texture  measure  has  yet  to  be  determined,  and  also  its  utility 
relative  to  segmentation  by  image  tone  alone  or  in  combination.  Nonetheless, 
this  example  clearly  illustrates  the  improvement  in  discrimination  that  can 
be  obtained  by  removal  of  "speckle  texture".  More  work  is  needed  on  relating 
the  revealed  textural  differences  in  the  ice  to  actual  physical  properties 
affecting  scattering. 


Figure  XHH  SAR  Sea  Ice  Imagery 
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Figure  2.  Variance  of  Image  Intensity 


Figure  3.  Texture  Image  Derived  From  Variance 
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4.  CONCLUSIONS 

The  review  of  SAR  texture  studies  presented  here  indicates  that  textural 
measures  derived  from  SAR  data  provide  valuable  additional  information  for 
scene  segmentation  and  classification.  In  none  of  the  studies  reviewed  was 
coherent  speckle  accounted  for  in  any  but  an  empirical  manner,  even  though 
speckle  is  inherently  present  in  SAR  data  as  a  high  frequency  texture.  Using 
the  statistical  bases  of  both  speckle  and  the  commonly  used  texture  measures, 
it  was  shown  that  the  speckle  component  of  the  image  texture  can  be  separated 
from  the  "geophysical"  component  for  the  simpler  texture  algorithms.  An  exam¬ 
ple  presented  of  the  application  of  a  variance  texture  algorithm  to  sea  ice 
imagery  demonstrates  the  improvement  that  can  be  obtained  by  removing  the 
speckle  texture  component.  Further  research  is  needed  on  the  parameterization 
of  speckle  in  other  algorithms  and  on  relating  textural  measures  derived  from 
SAR  data  to  the  physical  microwave  scattering  process. 
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Textural  Analysis  and  Real-Time  Classification  of 
Sea-Ice  Types  Using  Digital  SAR  Data 

QUENTIN  A.  HOLMES.  DANIEL  R.  NUESCH,  and  ROBERT  A.  SHUCHMAN 


Abrrrorr-Digiul  measures  of  synthetic-aperture  radar  (SAR)  image 
texture,  as  well  as  the  local  approximation  to  the  mean  value  of  individ¬ 
ual  ice  types,  were  used  to  perform  discrimination  and  mapping  of  ice 
types.  The  SAR  data  described  in  this  paper  were  gathered  in  March, 
1979,  over  the  Beaufort  Sea  as  part  of  the  Canadian  SURSAT  project 
Digital  SAR  data  from  a  3  x  3  km  area  were  obtained  using  optical  pro¬ 
cessing  of  the  signal  film  and  digital  recording  of  the  output  image. 
Prior  to  performing  the  textural  analysis,  a  digital  filter  algorithm  was 
developed  that  minimizes  the  effect  of  radar-system-generated  coherent 
speckle  and  produces  an  image  approximating  local  tone  whle  preserving 
edge  definition.  This  image  was  used  in  the  analysis  to  separate  image 
tone  from  image  texture.  The  textural  analysis,  which  included  calcu¬ 
lating  the  entropy  and  inertia  of  the  image,  indicated  that  first-  and 
multiyear,  smooth-  and  rough-ice  types  could  be  distinguished  based  on 
the  textural  values  obtained  from  the  data  with  an  overall  accuracy  of 
65  percent.  This  study  has  also  considered  the  use  of  cellular  opera¬ 
tions  based  upon  neighborhood  transformations  to  calculate  the  tex¬ 
tural  values.  This  computation  method  can  potentially  reduce  the  time 
to  compute  textural  features  on  a  general-purpose  computer  to  near 
real-time  rates. 

Introduction 

MAJOR  OBSTACLE  to  the  achievement  of  year-round 
arctic  operations  is  the  lack  of  real-time  information  on 
the  dynamics  and  distribution  of  sea  ice.  The  permanent  and 
seasonal  ice  cover  found  in  the  arctic  consists  of  many  classes 
of  sea  ice  [1] ,  all  with  differing  physical  properties  (e.g.,  thick¬ 
ness.  salinity,  crystal  structure,  tensile  and  shear  strength, etc.). 
Several  of  these  classes  of  sea  ice  (especially  multiyear  ice  and 
icebergs  which  are  generally  thicker  and  stronger  than  other 
classes)  pose  severe  hazards  to  arctic  operations  such  as  ship 
and  icebreaker  movement  and  offshore  drilling  activity.  The 
age  or  thickness  of  the  ice  determines  the  class  of  ship  or  ice¬ 
breaker  needed  to  safely  navigate,  and  the  movement  of  ice 
masses  influences  decisions  regarding  location  and  scheduling 
of  drilling  operations,  as  well  as  action  to  suspend  activity  at 
certain  ice-threatened  sites.  As  these  activities  increase  in  arctic 
ice-covered  regions,  the  demand  for  information  on  ice  type, 
movement,  and  concentration  intensifies.  This  information 
must  be  timely  (i.e..  24-h  old  or  less)  and  should  be  received  in 
an  interpreted  form  [2] . 
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Thus  the  overall  objective  of  this  research  in  the  field  of  dis¬ 
crimination  and  mapping  of  individual  ice  types  is  to  reduce 
the  hazards  of  navigating  a  ship  through  sea  ice  or  of  operating 
an  offshore  platform  in  the  Arctic  Ocean  by  supplying  detailed 
maps  showing  the  location  and  spatial  extent  of  different  ice 
types.  It  is  evident  that  a  high-resolution  all-weather  day  or 
night  remote-sensing  system  providing  synoptic  data  in  near 
real-time  is  a  necessity  for  significant  exploitation  of  the  arctic 
environment  from  a  research  and  operational  standpoint.  The 
sensor  most  capable  of  meeting  this  requirement  is  synthetic- 
aperture  radar  (SAR). 

Early  studies  [3] ,  [4]  indicated  the  potential  usefulness  of 
side-looking  airborne  radar  (SLAR)  for  mapping  and  identi¬ 
fying  sea  ice.  Today,  airborne  and  spaceborne  SAR  sensors 
utilizing  either  aircraft  or  ground-based  processing  of  the  re¬ 
corded  Doppler  signal  histories  are  routinely  used  to  produce 
high-quality  imagery  of  selected  areas  of  the  earth.  Prime  ex¬ 
amples  are  the  dual-frequency  dual-polarization  SAR  data 
collected  over  the  Beaufort  Sea  area  during  March.  1979,  as 
part  of  the  Canadian  SURSAT  project  [5] ,  and  the  large  quan¬ 
tity  of  I -band  SAR  data  collected  in  1978  by  SEASAT  over 
land  areas  and  the  oceans  [6] . 

A  recent  study  [7]  has  documented  the  observed  backscatter 
characteristics  of  sea  ice  based  upon  data  collected  in  1977 
under  the  SAR  C-CORE  Canadian  East  Coast  Ice  Project,  as 
well  as  data  collected  in  1979  under  the  Canadian  SURSAT 
Project.  The  analysis  of  statistical  and  deterministic  measures 
of  the  backscatter  characteristics  of  different  ice  types  was 
done  to  obtain  possible  signatures  for  ice  classification.  Exam¬ 
ination  of  these  backscatter  characteristics  reveals  a  very  com¬ 
plex  interrelationship  between  the  SAR  parameters,  viewing 
conditions,  and  ice  types.  One  notable  trend  is  that  multiyear 
ice  usually  has  a  higher  backscatter  cross  section  than  first-year 
ice  during  the  winter  season  which  is  one  of  the  crucial  decision¬ 
making  times.  However,  in  most  cases,  the  standard  deviations 
of  these  measurements  due  to  coherent  speckle  make  u  dif¬ 
ficult  to  successfully  adapt  digital  analysis  methods  developed 
for  use  on  data  from  multispectral  scanners  such  as  LANDSAT 
to  SAR  data.  Since  almost  all  the  ice  types  of  interest  can  be 
discerned  manually  in  the  A'-band  SAR  imagery,  it  seems  rea¬ 
sonable  to  develop  analogous  digital  procedures,  appropriate 
for  SAR  data,  for  identifying  and  mapping  sea  ice  types. 

Related  to  the  overall  objective,  the  need  was  identified  for 
an  automated  ice  identification  and  mapping  procedure  that 
performs  reliably  and  is  able  to  handle  vast  amounts  of  digital 
data  at  real-time  rates.  For  this  reason,  the  research  reported 
here  was  focused  on  1 )  developing  a  digital  procedure  for  iden¬ 
tifying  ice  types  in  SAR  imagery  in  the  presence  of  coherent 


0196-2892/84/0300-01 13S0 1.00  ©  1984  IEEE 


1  14 


IEEE  TRANSACTIONS  ON  GEOSCIENCE  AND  REMOTE  SENSING.  VOL.  GE  22.  NO  2.  MAR  H  1484 


Fig.  1.  Af-band  (HH)  SAR  image  showing  overview  of  the  Beaufort  Sea  ice  test  area. 


speckle,  and  2)  adapting  it  to  real-time  processing  of  digital- 
image  data  at  SAR  data  rates. 

SAR  systems  are  now  being  used  that  provide  real-time 
imagery  which  is  digitally  processed  onboard  the  aircraft  and 
downlinked  to  ships  operating  in  sea  ice  (2).  [8].  As  these 
uses  increase,  the  quantity  of  data  to  be  analyzed  in  near  real¬ 
time  will  become  enormous,  and  automatic  or  at  least  semi¬ 
automatic  information  extraction  and  analysis  schemes  will  be 
needed  to  make  these  systems  viable.  The  work  reported  in 
this  paper  is  an  examination  of  the  feasibility  of  automatic  or 
machine  classification  of  sea  ice  types  using  SAR  data. 

Data  Set 

The  data  used  in  this  study  were  collected  in  March.  1979. 
over  the  Beaufort  Sea  as  part  of  the  Canadian  SURSAT  proj¬ 
ect.  SAR  signal  histories  were  recorded  on  signal  film  onboard 
the  SAR-580  aircraft  [9] .  The  SAR-580  system  is  jointly 
owned  by  the  Canada  Centre  for  Remote  Sensing  (CCRS)  and 
the  Environmental  Research  Institute  of  Michigan  (ERIM). 
This  is  an  X-  and  A -band  (3.2-  and  23.5-cm  wavelengths,  res¬ 
pectively)  dual-polarized  (HH  and  HV;  parallel  and  cross- 
polarized.  respectively)  system  to  which  a  C-band  (5.6  cm) 
capability  has  been  recently  added.  The  H  refers  to  horizontal 
polarization  while  a  V  indicates  vertical.  Thus  HV  would  indi¬ 
cate  a  horizontal  transmit,  vertical  polarization  received. 

The  SAR  signal  film  histories  were  processed  into  imagery  at 
ERIM  using  standard  optical  processing  techniques  jlOj .  Fig. 
1  is  an  A'-band  (HH)  optically  processed  SAR  image  of  the 
Beaufort  Sea  test  area.  The  resolution  of  this  image  is  approxi¬ 
mately  3  X  3  m.  Ground  truth  for  the  test  area  was  derived 
from  aerial  photography  and  on-ice  observations  in  the  region 
with  the  aid  of  experienced  interpreters  (7) ,  (28] .  The  dark 
area  extending  across  the  entire  image  represents  mostly  first- 
year  ice.  Perpendicular  to  this  stream  and  a  little  to  the  right 
of  the  center,  we  recognize  an  old  lead.  The  remainder  of  the 
scene  shows  predominantly  multiyear  ice,  with  extensive  rubble 
and  ridge  areas  of  both  first-  and  multiyear  ice.  The  SAR-580 
imagery  gathered  during  this  campaign  represents  a  unique  data 
set .  in  that  this  was  the  first  time  high-resolution  X •  and  A-band 


Fig.  2.  Af-band  (HV)  digital  SAR  sea  ice  data  used  in  the  investigation. 


imagery  (HH  and  HV)  had  been  collected  over  sea  ice  with 
large  amounts  of  multiyear  ice  present. 

The  digital  SAR  data  which  were  used  in  this  investigation 
were  produced  using  ERlM's  hybrid  optical-digital  processor 
[11].  The  image  formed  at  the  output  plane  of  the  optical 
processor  was  digitized  into  256  gray  levels  with  an  image  dis¬ 
sector  and  the  resulting  samples  were  recorded  on  computer- 
compatible  tapes.  In  this  case  the  recorded  output  was  pro¬ 
portional  to  square  root  of  power.  A  sample  spacing  of  3  m 
was  used  in  both  slant  range  and  azimuth  (6-m  ground  resolu¬ 
tion  sampled  twice  in  accordance  with  the  Nyquist  theorem). 

Radiometric  corrections  for  1)  range  power  loss.  2)  the 
antenna  gain  patter,  3)  the  response  of  the  signal  recorder,  and 
4)  the  variation  of  the  laser  illumination  across  the  signal  film 
were  performed  at  ERIM  (12).  Geometric  corrections  such  as 
a  slant-to-ground  range  transformation  or  precise  registration 
of  the  imagery  to  ground  map  coordinates  were  unnecessary  at 
this  time  because  they  do  not  affect  the  outcome  of  the  study. 
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However,  the  four  different  SAR  channels  were  registered  to 
each  other,  using  the  CCRS  Image  Analysis  System  (C1AS) 
[13],  in  order  to  allow  a  detailed  comparison  between  SAR 
wavelengths  and  ploarizations.  This  comparison,  presented 
previously  [12],  showed  that  L-band  SAR  data  provide  no 
additional  information  over  and  above  the  information  which 
is  present  in  the  X-band  and  that,  in  general,  -*HV  has  a  greater 
dynamic  range  than  -*HH>  and  thereby  offers  better  differen¬ 
tiation  of  ice  types. 

The  digital  data  set  which  was  selected  for  our  investigation 
is  presented  in  Fig.  2.  The  polarization  is  A'hv  and  the  area  is 
represented  by  1024  scan  lines  of  896  pixels  each,  thus  the 
test  site  represented  an  area  3072  X  2688  m. 

Data  Processing 

Although  relatively  homogeneous  areas  such  as  first-  and 
multiyear  ice  fields  would  appear  quite  uniform  in  intensity 
on  panchromatic  aerial  photographs,  the  same  areas  monitored 
by  a  SAR  appear  “speckled”  (see  Figs.  1  and  2).  This  is  be¬ 
cause  SAR  is  a  coherent  sensor  [14] .  The  coherent  nature  of 
these  data  make  it  difficult  to  successfully  adapt  statistical  pat¬ 
tern  recognition  methods  for  use  on  SAR  data.  The  presence 
of  speckle  in  SAR  images  often  precludes  a  pixel-by-pixel  clas¬ 
sification,  unless  these  data  have  been  highly  “smoothed.” 
Previous  researchers,  e.g.,  [15],  [16]  have  routinely  applied  a 
simple  average  or  a  median  filter  using  a  2  X  2,  3  X  3,  etc., 
boxcar  filter.  Although  more  involved  speckle  reduction  tech¬ 
niques  have  been  introduced  recently  [17],  [18],  in  this  in¬ 
vestigation  a  new  technique  was  developed  to  reduce  the  effects 
of  coherent  speckle  without  visibly  degrading  the  edges  of  the 
different  ice  types. 

The  technique  developed,  a  nonlinear  isotropic  filtering  al¬ 
gorithm,  takes  advantage  of  the  neighborhood  processing  capa¬ 
bilities  of  ERIM’sCytocomputer™  [19],  [20].  Neighborhood 
processing  allows  spatial  processing  to  be  done  directly  in  the 
image  domain  [21] .  The  underlying  image  algebra  allows  digi¬ 
tal  processing  algorithms  to  be  expressed  in  terms  of  probing 
the  image  with  other  images  (structuring  elements)  in  a  trans- 
lationally  invariant  manner.  In  particular,  neighborhood  pro¬ 
cessing  can  be  used  to  reduce  speckle  noise  while  preserving 
the  edges.  Isotropic  filtering  consists  of  alternately  computing 
the  maximum  value  over  a  disk  of  radius  n  pixels  followed  by 
computing  the  minimum  value  over  a  disk  of  radius  n  +  1  pixels 
at  each  point  of  the  image.  The  process  starts  with  n  =  1/2 
and  terminates  with  the  value  that  produces  unbiased  results. 
Disk-shaped  structuring  elements  are  used  because  they  treat 
all  directions  equally.  Disks  of  small  radii  are  employed  to 
clean  up  noise.  Disks  of  larger  radii  increasingly  eliminate  de¬ 
viations  from  the  local  average  providing  a  local  approximation 
to  the  mean  tonal  value  of  individual  ice  types.  Fig.  3  shows 
the  result  of  applying  this  filtering  procedure  of  our  selected 
A’hv  data  set  to  produce  a  local  tone  image. 

In  order  to  obtain  an  image  which  could  serve  as  a  robust 
basis  for  the  textural  analysis,  normalization  with  respect  to 
image  tone  had  to  be  performed.  To  isolate  the  mean  value  of 
the  backscattered  signals  from  the  texture  component,  we  sub¬ 
tracted  the  local  tone  image  from  the  original  SAR  image  [22] . 
The  variations  in  this  image  arise  from  both  positive  and  nega- 


Fig.  3.  Local  tone  image  generated  from  the  jf-band  HV  digital  data. 


Fig.  4.  Texture  image  generated  from  the  X-band  HV  digital  data. 


tive  deviations  from  the  local  tone  and  are  called  texture  be¬ 
cause  they  reflect  the  changes  in  spatial  frequency.  Adding  a 
bias  value  oi  128  enables  the  result  to  be  comfortably  viewed 
on  a  digital  display.  The  "texture"  image  obtained  from  our 
data  set  by  this  procedure  is  shown  in  Fig.  4.  In  a  sense,  this 
image  depicts  the  information  which  would  be  discarded  as 
“noise”  if  analysis  were  limited  to  the  raw  image  or  local  tone 
image  only. 

Texture  Analysis 

It  is  widely  accepted  that  image  texture  and  tone  are  used 
complementarily  by  human  interpreters  to  recognize  objects 
of  interest.  In  particular,  when  the  range  of  tones  in  an  area  of 
interest  are  comparable  to  the  range  of  tones  in  the  entire 
image,  human  interpretation  draws  heavily  on  textural  ap¬ 
pearance.  SAR  imagery  of  sea  ice  appears  to  be  a  good  exam- 


IFF!.  TRANSACTIONS  ON  GFOSt'IFNCI  AND  RI.MOTI  SFNSING.  VOL  Gl  NO.  2.  MARCH  14*4 


I  16 

pie  of  this.  As  seen  from  Fig.  4.  different  ice  types  frequently 
differ  dramatically  in  texture  due  to  their  different  patterns  of 
surface  roughness  captured  by  the  SAR  sensor. 

Although  texture,  which  we  will  define  as  the  frequency  of 
tonal  change  within  a  given  limited  area,  is  a  very  important 
characteristic  used  by  humans  to  identify  objects  of  interest  in 
an  image,  machine  classification  of  digital  images  is  frequently 
based  solely  upon  spectral  features  which  describe  the  overall 
tonal  variations  within  an  image.  Textural  features,  however, 
describe  the  local  spatial  distribution  of  tonal  values  within  an 
image  [23] .  In  spite  of  tremendous  advances  in  the  field  of 
computer  technology  during  the  last  decade,  the  cost  of  char¬ 
acterizing  digital  image  texture  on  a  general-purpose  computer 
is  still  very  high.  The  application  of  classification  procedures 
involving  image  texture  to  remote-sensing  surveys  has  re¬ 
mained  primarily  a  research  topic  due  to  the  magnitude  of 
the  computational  resources  required  to  achieve  a  reasonable 
throughput.  With  the  advent  of  synthetic-aperture  radar  sys¬ 
tems,  which  can  achieve  a  much  finer  resolution  than  real- 
aperture  radar,  as  well  as  recent  advances  in  digital  computa¬ 
tion  devices,  there  is  hope  to  exploit  texture  information  in 
support  of  sea-ice  inventories. 

Reviewing  the  literature  on  texture  models  [24]  -[26] ,  there 
is  strong  supportive  evidence  that  the  Spatial  Grey  Level  De¬ 
pendence  Method  (SGLDM)  is  representative  of  the  best  tex¬ 
ture  algorithms  currently  available.  Consequently,  the  SGLDM 
approach  was  selected  as  a  starting  point  for  our  study. 

Under  the  SGLDM,  as  described  in  detail  in  [23],  it  is  as¬ 
sumed  that  the  texture  information  in  an  image  is  contained 
in  the  overall  or  “average"  spatial  relationships  which  the  gray 
tones  in  the  image  have  to  one  another.  This  relationship  can 
be  characterized  by  a  set  of  co-occurrence  matrices  P(iJ)d,  e- 
whose  /,  /th  element  is  the  relative  frequency  with  which  two 
picture  elements  separated  by  distance  d  in  a  direction  0  occur 
in  the  image,  one  with  gray  tone  i  and  the  other  with  gray  tone 

respectively. 

In  the  present  texture  analysis,  the  SGLDM  was  applied  in  a 
texture  transform  mode  similar  to  that  suggested  by  Haralick 
[24] .  The  computation  of  the  texture  measurement  values  in¬ 
volved  three  steps.  First,  the  “texture  image”  (Fig.  4)  was  level 
sliced  into  a  smaller  number  of  intervals  in  order  to  ease  the 
computational  burden.  Since  the  majority  of  the  digital  values 
lay  between  105  and  170  with  a  mean  of  n  -  133  and  a  stan¬ 
dard  deviation  of  a  =  15,  we  chose  to  quantize  into  8  intervals 
of  width  2/3  a  centered  on  the  mean,  fi.  The  next  step  con¬ 
sisted  of  calculating  the  co-occurrence  matrices  over  a  moving 
circular  window  of  radius  5  pixels  using  a  displacement  dis¬ 
tance  of  d  -  2  (because  of  double  sampling)  and  four  different 
angles,  0  =  0°.  45°,  90°.  and  135°.  Textrual  features  (scalar 
functions)  were  then  computed  from  these  co-occurrence 
matrices  at  each  location  in  the  1024  X  896  image.  In  order 
to  obtain  texture  measures  which  are  insensitive  to  the  orienta¬ 
tion  of  the  sensor,  we  chose  to  use  the  average  value  of  a  tex¬ 
ture  measure  over  all  four  angles  (i.e.,  the  average  of  the  scalars 
computed  from  the  four  8X8  co-occurrence  matrices  devel¬ 
oped  at  each  possible  location  of  the  moving  window). 

The  scalar  functions  which  were  considered  in  this  investiga- 


Fig.  5.  Texture  image  of  the  test  site  representing  aserage  entrops . 


tion  are  called  “entropy”  and  “inertia"  or  “contrast"  [23], 
[26] .  [27] .  The  mathematical  definition  for  entropy  is 

ENTROPY(c/.  0 )  =  £  Z  P(i'  i]  loB  pV-  />  1 1 ) 

f=i  / * i 

where  NG  is  the  number  of  gray  levels.  This  function  is  largest 
for  equal  P(i.  /)  and  small  when  they  are  very  unequal.  This 
feature  is  a  measure  of  the  disorder  in  the  subregion  over  which 
the  co-occurrence  matrix  was  computed.  The  analogous  de¬ 
finition  for  inertia  is 

ng  nc, 

INERTIA(rf,0)  =  £  £  (i-j)2 PU.f)  (2) 

t=t  / = i 

where  again.  Nq  is  the  number  of  gray  levels.  This  function  is 
a  difference  moment  of  the  co-occurrence  matrix  and  repre¬ 
sents  a  measure  of  the  contrast  or  the  amount  oflocal  variation 
present  in  the  subregion  over  which  the  co-occurence  matrix 
was  computed. 

Experimentation  with  the  distance  parameter  led  to  ur 
selection  of  d-2  as  the  most  appropriate.  The  size  of  the 
moving  window  used  for  both  entropy  and  the  inertia  compu¬ 
tation  had  to  be  a  compromise  between  being  large  enough  to 
provide  stable  estimates  of  the  co-occurrence  matrix  elements, 
yet  small  enough  not  to  severely  distort  the  values  computed 
for  the  small  isolated  patches  of  second-year  ice  in  our  study 
area. 

The  output  images  obtained  using  average  entropy  and  aver¬ 
age  inertia  with  d-2  for  the  texture  measure  are  shown  in 
Figs.  5  and  6.  respectively.  (The  average  is  taken  over  the  four 
orientations  0  =  0°.  45°.  90°.  and  135°.)  Variations  in  gray 
tone  in  these  two  images  correspond  to  variations  in  texture  in 
the  input  image  and  have  no  direct  relation  to  different  gray 
tones  in  the  input  image. 

What  makes  the  co-occurrence  approach  valid  is  its  charac¬ 
terization  of  the  spatial  interrelationship  of  the  gray  tones  in  a 
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Fig.  6.  Texture  image  of  the  test  site  representing  the  average  inertia. 


textural  pattern  in  a  manner  which  is  invariant  under  mono¬ 
tonic  gray  tone  transformations.  This  is  a  very  strong  point 
for  its  use  in  remote-sensing  applications  where  data  from  dif¬ 
ferent  dates  or  flight  parameter  conditions  often  require  special 
preprocessing  to  make  them  commensurate.  Moreover,  as 
implemented  here,  no  a  priori  knowledge  of  the  location  of 
boundaries  of  areas  of  interest  is  required.  Unfortunately,  the 
scalar  functions  do  not  capture  the  shape  aspects  of  tonal  in¬ 
formation  as  well.  The  approximation  of  the  local  mean  value 
(Fig.  3)  uses  the  digital  SAR  imagery  itself  to  define  the  shape, 
size,  and  location  of  individual  fic'ds  of  ice  types. 

Sea -Ice  Classification 

Although  the  chosen  spatial  resolution  of  the  SAR-580 
imagery  (3  m)  is  substantially  larger  than  detailed  structures  of 
different  ice  types,  certain  within-field  textural  variations  are 
evident  in  the  texture  image  (see  Fig.  4),  and  this  is  exactly 
our  point  of  interest.  By  developing  a  digital  measure  of  local 
image  texture  which  is  rotationally  invariant  (average  compu¬ 
tation  over  the  four  angles),  we  hoped  to  be  less  dependent  on 
illuminating  geometry  than  the  raw  SAR  backscatter  data.  We 
also  were  seeking  a  classification  procedure  which  could  be 
applied  simultaneously  to  both  large  and  small  floes  without 
having  to  manually  delineate  their  boundaries. 

Statistics  for  representative  areas  of  certain  ice  types  are 
given  in  Table  1.  Mean  values  and  standard  deviations  were 
computed  for  the  raw  data,  the  tone  image,  the  entropy  image, 
and  the  inertia  image. 

From  the  statistics  in  Table  1,  it  can  be  seen  that  the  mean 
values  of  the  representative  areas  in  the  entropy  or  inertia  image 
were  distributed  over  a  broader  range  than  the  raw  data.  Un¬ 
fortunately.  their  standard  deviations  increased  also.  On  the 
other  hand,  the  graph  in  Fig.  7  illustrates  that  the  two  texture 
images  (entropy  and  inertia)  will  allow  us  to  discriminate  be¬ 
tween  different  ice  types  more  easily  than  the  raw  data  allows. 

The  average  inertia  image  was  quantized  into  four  empir- 


TABLE  I 

Statistics  of  Representative  Sea-Ice  Tvpes 


ICE  TVP£S» 

Raw  Data 

Tone 

Entrooy 

Inertia 

- 

- 

- 

year  tee  I 

0.70 

1.03 

0.38 

0.49 

22.23 

22.24 

7.51 

5.54 

First  year  ice  2 

0.80 

1.48 

0.03 

0.17 

3.78 

9.87 

1. 10 

3.10 

Second  year  *ce  1 

12.22 

5.34 

10.52 

1.13 

73.05 

12.01 

30.39 

8.10 

Sec one  year  2 

13.68 

4.52 

13.84 

1.95 

64.12 

6.95 

27.02 

7.34 

"•ulf-year  ice  1 

23.25 

7.23 

21.66 

2.41 

8C.52 

8.61 

41.52 

1C.  36 

Mult' -year  ice  2 

29.07 

9.27 

25.36 

12.24 

93.72 

6.67 

51.06 

9.58 

Sul ti -year  ice  3 

43. 8C 

20.97 

37.25 

7.98 

125.51 

10.81 

171.28 

46.49 

Multi-year  ice  * 

68.29 

29.95 

64.40 

19.38 

141.71 

13.58 

108.17 

51.47 

•Numbers  to  santole  area  cessation. 


ically  determined  levels  which  are  generally  associated  with  the 
following  ice  types: 

Class  1 :  black  <  35  first-year  ice. 

Class  2:  middle  gray  >  35  <  80  relatively  uniform  (smooth) 
multiyear  ice. 

Class  3:  light  gray  >  80  <  254  rubble  and  ridge  zones  pri¬ 
marily  made  up  of  multiyear  ice.  Can  consist  of 
first-year  ice  ridge  zones. 

Class  4:  white  >  254  saturated  texture  measure  but  repre¬ 
sentative  of  rubble  on  multiyear  due  to  first-year/ 
multiyear  impact. 

The  classification  map  shown  in  Fig.  8  was  computed  solely 
from  the  information  contained  in  the  texture  image  in  Fig.  4. 
Neither  image  tone  nor  a  priori  knowledge  of  the  boundaries 
between  regions  of  the  different  sea-ice  types  were  required. 
Black  in  this  image  represents  low  texture  which  appears  to  be 
characteristic  of  first -year  ice.  Middle  gray  represents  moderate 
texture  and  corresponds  quite  well  to  regions  of  relatively 
smooth  multiyear  ice.  Light  gray  represents  areas  of  high  tex¬ 
ture  which  correspond  to  rubble  and  ridge  zones  primarily 
made  up  of  multiyear  ice,  but  can  consist  of  first-year  ice  ridge 
zones.  The  orientation  of  rubble  and  ridge  zone  regardless  of 
their  ice  type  forms  a  natural  dihedral  reflector  with  the  inci¬ 
dent  SAR  energy  which  provides  for  the  strong  return  from 
these  features.  White  seems  to  be  characteristic  for  areas  of 
very  high  texture  (saturated  texture  measure)  and  represents 
rubble  surrounding  multiyear  floes  which  are  a  result  of  first- 
year/multiyear  impact. 

A  quantitative  evaluation  of  the  classification  accuracy  of 
the  inertia  texture  measure  is  given  in  Table  II.  The  contin¬ 
gency  table  indicates  that  the  overall  classification  accuracy 
(found  by  summing  the  diagonal  elements  and  dividing  by  the 
total  number  of  samples)  was  65  percent.  Classification  accu¬ 
racy  for  first-year  (FY)  and  multiyear  (MY)  smooth  ice  was 
76  and  58  percent,  respectively.  Greatest  confusion  on  the 
classification  map  is  between  classes  representing  multiyear 
smootn  ice  and  multiyear  ridge  and  rubble  zones.  This  con¬ 
fusion  is  partially  due  to  the  sensitivity  of  the  algorithm  to 
boundary  areas  and  the  averaging  effect  inherent  in  using  a 
processing  window. 
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Fig.  7.  Means  and  standard  deviations  of  imagery  from  different  ice  types. 


Fig.  8.  Classification  map  resulting  from  level  slicing  the  inertia  image. 


Computation  of  Texture  Features 
at  Real-Time  Rates 

One  approach  to  reducing  the  computational  burden  asso¬ 
ciated  with  texture  measures  based  on  co-occurrence  is  to  work 
with  an  image  representation  of  “texture”  data,  rather  than 
cooccurrence  matrices.  The  advantage  is  that  these  data  can 
be  represented  by  a  digital  image  which  in  turn  can  be  handled 
at  real-time  rates. 

We  chose  to  represent  “texture”  by  an  image  in  which  each 
pixel  contains  information  from  the  corresponding  pixel  in 
the  original  data  and  information  from  another  pixel  located 
a  fixed  displacement  away.  One  way  such  data  can  be  devel¬ 


table  ii 

Contingency  Table  fob  “Avebage  Inebtia"  Classification  Mae 
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oped  is  to  level  slice  the  original  image  into  k  levels  (image  id), 
displace  the  image  by  some  fixed  vector  to  form  a  second  image 
(image  B),  and  then  form  a  third  image  (image  C)  according  to 

C*  A  +  kB.  (3) 

Image  C,  which  takes  on  digital  values  from  0  to  (it2  -  1),  is  an 
image  of  “texture”  data  with  respect  to  the  it  levels  chosen. 
Moreover,  the  digital  levels  in  image  C  can  be  associated  with 
the  entries  in  a  co-occurrence  matrix.  The  local  histogram  of 
image  C  around  some  point  is  a  local  co-occurrence  matrix  of 
the  level-sliced  image  around  that  same  point. 
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Fig.  9.  Cellular  counterpart  or  equivalent  of  the  average  inertia  image. 


The  number  of  scan  lines  required  to  develop  such  an  image 
representation  is  determined  by  the  direction  and  magnitude 
of  the  displacements  employed.  Thus  co-occurrence  informa¬ 
tion  can  be  computed  at  real-time  rates  with  only  a  minor 
latency  for  imagery  which  is  in  line-scan  format. 

This  investigation  determined  that  these  image  representa¬ 
tions  of  texture  can  be  processed  by  short  sequences  of  neigh¬ 
borhood  transformations  to  yield,  at  each  pixel,  a  value  that 
has  a  functional  relationship  to  the  texture  measures  derived 
from  co-occurrence  matrices.  In  particular,  a  sequence  of 
neighborhood  processing  transformations  were  developed 
which  give  results  that  are  analogous  to  “average  inertia” 
(d  =  2,  circular  window  of  radius  5  pixels).  Fig.  9  shows  the 
image  which  was  obtained  by  applying  this  sequence  of 
neighborhood  transformations  to  the  SAR  texture  image 
(Fig.  4).  The  similarity  between  the  neighborhood  processing 
result  (Fig.  9)  and  the  result  obtained  earlier  (Fig.  6)  is  evident. 
Moreover,  the  sequence  used  to  obtain  Fig.  9  only  involved  35 
neighborhood  processing  primitives.  This  could  easily  be  per¬ 
formed  at  real-time  rates  using  presently  available  digital 
technology. 

Conclusions  and  Recommendations 

This  study  represents  a  first  attempt  at  automatic  digital  sea- 
ice  classification  of  SAR  data  using  only  texture.  The  intent 
of  this  study  was  to  develop  and  test  the  necessary  algorithms 
and  associated  software.  A  single  SAR  ice  image  has  been 
classified  using  this  method,  and  thus  the  reader  is  cautioned 
in  interpretating  the  classification  accuracy  value  presented. 

In  spite  of  the  tremendous  computational  burden  of  com¬ 
puting  texture  measures  from  local  co-occurrence  matrices 
(generation  of  a  single  1024  X  896  inertia  image  from  the  tex¬ 
ture  image  required  120  CPU  min  on  a  VAX  11/780),  ex¬ 
perience  gained  during  the  investigation  confirmed  that  con¬ 
siderable  information  is  contained  in  the  local  texture  of  a 
SAR  image.  The  computation  of  inertia  revealed  that  with  a 
minimum  of  human  input  (setting  threshold  levels),  accurate 


discrimination  and  location  of  different  sea-ice  types  could  be 
made  in  the  scene  investigated. 

Presently,  only  the  inertia  image  has  been  compared  to  the 
ground  truth  of  the  region,  but  the  results  are  encouraging: 
new  and  first-year  ice,  which  is  characterized  by  little  texture, 
and  multiyear  ice,  which  is  characterized  by  significantly  more 
texture  content,  can  be  discriminated  with  no  a  priori  know¬ 
ledge  of  the  location  of  the  different  ice  types  with  an  overall 
accuracy  of  more  than  65  percent.  These  results,  however,  do 
suggest  that  other  texture  measures  and  perhaps  other  algo¬ 
rithms  should  be  investigated.  The  inertia  and  entropy  texture 
measures  are  very  sensitive  to  floe  boundaries  and  regions  of 
high  contrast,  further  complicating  discrimination  of  multiyear 
ridging  and  highly  deformed  first -year  ice. 

Because  of  the  tremendous  computational  cost  involved,  re¬ 
search  was  undertaken  in  the  field  of  cellular  operations  which 
can  be  performed  on  whole  digital  images  at  near  real-time 
rates.  The  preliminary  results  from  the  computation  of  texture 
features  directly  by  means  of  a  sequence  of  neighborhood 
transformations,  while  not  as  pleasing  to  the  eye,  still  allow 
discrimination  of  younger  and  older  ice.  For  practical  pur¬ 
poses,  the  advantage  of  having  a  classification  map  available  at 
real-time  rates  outweighs  the  more  computationally  intense 
approach.  In  future  efforts,  additional  texture  algorithms  and 
different  texture  features  will  be  investigated  as  well  as  ex¬ 
ploring  and  improving  techniques  for  reducing  the  computa¬ 
tional  resources  required. 

The  following  specific  areas  should  be  investigated  to  further 
develop  texture  analysis  techniques: 

1)  additional  texture  measures,  such  as  entropy,  uniformity, 
and  correlation,  need  to  be  evaluated  as  sea-ice  classifiers; 

2)  the  dependence  on  sample  spacing  (i.e.,  resolution)  of 
texture  measures: 

3)  angular  information  on  pixel  tone  orientation  contained 
in  texture  measures;  and 

4)  neighborhood  processing  transformation  schemes  to  ob¬ 
tain  the  texture  measures. 

Additionally,  textural  (entropy  and  inertia  for  example)  and 
tonal  information  from  a  SAR  image  need  to  be  combined  in  a 
multivariate  classification  scheme  to  ascertain  whether  all  re¬ 
quired  ice  types  can  be  successfully  discriminated  using  a  single 
SAR  data  channel.  If  single-channel  SAR  can  successfully 
classify  ice  types  using  sophisticated  textural  and  multivariate 
analysis  techniques,  then  more  complicated  and  data  intensive 
multisensor  approaches  will  not  have  to  be  utilized. 
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Characterization  of  Sea  Ice  Types  Using  Synthetic 

Aperture  Radar 

JAMES  D.  LYDEN,  BARBARA  A.  BURNS,  and  ANDREW  L.  MAFFETT 


Abstract— Th*  results  of  an  investigation  into  the  use  of  synthetic 
aperture  radar  (S  A  R)  imagery  for  sea  ice-type  discrimination  are  presented. 
X-  and  /-band  dual-polariiation  SAR  data  of  Beaufort  Sea  ice  were 
examined  using  manual  interpretation  techniques  to  determine  which 
channel  provides  the  most  information.  Quantitative  methods  for  ice-type 
discrimination  also  were  explored  by  statistical  parameterization  of  these 
data.  Various  statistical  tests,  both  parametric  and  nonpara  metric,  were 
applied  to  evaluate  the  utility  of  the  parameters  for  machine  interpretation 
of  SAR  ice  data.  The  results  obtained  indicate  that,  under  winter  ice 
conditions.  X-band  is  superior  to  /.-band  for  discriminating  various  Ice 
types.  Also,  imagery  obtained  at  small  incidence  angles  shows  greater  tonal 
variation  between  ice  types  than  that  obtained  at  larger  angles.  Of  the 
quantitative  measures  evaluated,  mean  and  standard  deviation  appear  to  be 
the  most  valuable.  Examination  of  quantities  involving  higher  order 
moments  indicates  that  a  better  understanding  of  the  SAR  imaging  process 
is  required  before  these  measures  can  be  utilized  successfully. 

I.  Introduction 

AS  THE  geophysical  and  economic  importance  of  the 
polar  seas  become  more  widely  recognized,  the  need 
for  intensive  exploration  and  scientific  study  of  these  regions 
becomes  even  more  apparent.  Current  research  in  this  area  is 
aimed  at  obtaining  a  better  understanding  of  the  sea  ice 
environment  itself:  the  size,  concentration,  and  distribution 
of  ice  floes,  and  their  interaction  with  the  ocean  and 
atmosphere. 

Both  the  vertical  and  horizontal  extent  of  sea  ice  is  an 
important  factor  for  offshore  activities  and  ship  navigation 
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in  polar  regions,  as  well  as  for  climatological  studies.  In 
northern  waters,  new  ice  forms  each  winter  reaching  its 
maximum  extent  in  April/  May  and  a  minimum  in  August/ 
September.  The  Arctic  Sea  and  the  Canadian  Archipelago 
are  never  completely  free  from  ice.  This  ice.  appropriately 
called  multiyear  (MY)  [I],  is  normally  much  thicker  and 
much  harder  than  first-year  (FY)  ice  which  has  not  survived 
a  melt  season.  Multiyear  ice  (along  with  ice  of  land  origin, 
icebergs,  and  ice  islands)  is  a  significant  hazard  to  ice- 
strengthened  ships  which  can.  on  the  other  hand,  operate  in 
varying  thicknesses  of  younger  ice.  The  relative  concentra¬ 
tion  of  FY  and  MY  ice  is  also  an  important  parameter  in 
global  climate  models.  For  these  studies,  it  is  necessary  to 
distinguish  between  these  two  major  ice  types  and  open 
water. 

The  potential  of  imaging  radars  for  discriminating  ice 
types  has  been  demonstrated  using  manual  photographic 
interpretation  techniques  by  several  researchers  including 
Johnson  and  Farmer  [2],  Ketchum  [3],  and  Gray  et  al.  [4], 
From  these  studies,  synthetic  aperture  radar  (SAR)  with  its 
high  resolution  and  ability  to  obtain  imagery  independent  of 
weather  conditions  and  solar  illumination  has  shown  the 
greatest  utility  as  an  ice  reconnaissance  tool.  With  the  aid  of 
aerial  photography  most  ice  types  can  be  identified  on  SAR 
imagery.  Debate  continues,  however,  as  to  the  best  fre¬ 
quency-polarization  combination  to  use  for  ice  mapping  [3]. 
Another  consideration  in  addition  to  SAR  optimization  is 
the  timeliness  and  amount  of  data  interpretation  required  for 
an  operational  reconnaissance  system.  The  need  for  timely 
information  on  the  ice  environment  requires  development 
and  evaluation  of  methods  for  automatic  machine-assisted 
ice-type  classification. 


01 96-2892/ 84/ 0900-043 ISO  1.00  «  1984  IEEE 


111!  I  K  \\n  \i  !  |i  >Xs  i  i\ .  t  .1  i  im  II  \i 


\  \  I  l  K  I  Mi  l  I  I  M  \sl\i  V  i  1} 


,1  ■  '  s.  .  -  si  P  '  I  MU!  k 


f  i  j:  I  haui-channcI  SAR  iniageiv  ot  sea  ne  in  the  Beaulort  Sea  collected  on  March  16.  I1)”1!  Hu  npes  ol  sea  ice  ate  labeleU 
on  I  hi’  image  tirst-vear  smooth  i)YSi.  Iirsi-veai  rough  ft-VRi.  seiond-sear  iSYl.  multiyear  smooth  M'iSi  and 

mull  near  rough  iMVRi  7  his  portion  ot  the  SAR  su  aih  w  as  imaged  at  incidence  angles  ranging  trom  !"  to  " 


1  he  purpose  ol  this  investigation  is  to  begin  to  address 
these  two  aspects  ol  the  SAR  sea  ice-mapping  problem 
determination  ot  optimum  system  parameters  and  develop¬ 
ment  ol  quantitative  methods  lor  ice-type  discrimination 
I  his  paper  presents  the  results  ol  the  investigation  hirst, 
simultaneously  obtained  Y-  and  /.-band  dual-polari/ation 
SAR  data  are  examined  to  ascertain  which  SAR  channel 
ptov  ides  the  most  useful  ice  information.  This  is  done  both 
manuallv  li  e  .  using  photographic  interpretation  tech¬ 
niques!.  and  statistieallv  using  the  mean  and  standard 
deviation  ot  radar  hackscattcr  values.  Second,  several 
quantitative  statistical  measures  are  explored  as  potentiallv 
usetui  parameters  in  machine-assisted  ice-type  classification 
I  he  statistical  investigation  was  aimed  specifically  at  ditter- 
cntiating  first-year  from  multiyear  ice  using  V -band  data 

II  [) \ t  \  Si  t 

I  he  S  AR  data  used  in  this  analysis  weie  obtained  during 
the  Surv  cilia  nee  Satellite  ( SI  RS  A  I  )  SAR  experiment  con¬ 
ducted  in  the  Beaufort  Sea  during  behruarv  and  March. 
Id'd  I  hey  were  collected  bv  the  SAR-5X0  system  which 
consists  ol  the  I  RIM  tour-channel  SAR  flown  in  the 
Canada  Centre  lor  Remote  Sensing  (CCRSl  Convair  5X0 
aircraft  I  his  data  set  represented  the  tirst  time  that  high- 
resolution  dual-wavelength  dual-polari/ation  radar  imagerv 
had  been  collected  over  regions  containing  large  amounts  of 
mu  It  iv  ear  ice 

I  he  SAR-5X0  system,  which  is  lomtlv  owned  bv  [  RIM 
and  (  (  RS,  is  described  in  detail  bv  |b]  It  consists  ot  a 


dual-wavelength  dual-polari/ation  S  AR  that  simultaneously 
images  at  Y-  and  /-band  (3.2-  and  23  ‘'-cm  wavelengths, 
respectively  )  In  ty  pical  operation,  alternate  \-  and  /  -  band 
pulses  (chosen  to  be  either  horizontally  or  verticallv  polar¬ 
ized)  are  transmitted,  and  reflections  ot  both  polarizations 
are  received,  thus  four  channels  o!  radar  imagerv  are 
obtained  simultaneously  I  he  ice  data  discussed  in  this  paper 
were  collected  by  transmitting  horizontally  polarized  pulses 

I  he  S  AR  flight  patterns  lor  the  SCRS  AI  expenment 
were  designed  to  image  the  lundtast.  transition,  and  perma¬ 
nent  pack-ice  zones.  bach  of  these  zones  has  unique 
characteristics  with  regard  to  ice  types  and  dynamics 
Imagery  Irom  the  permanent  pack-ice  zone  was  selected  lor 
detailed  analysis  due  to  the  presence  ol  both  lust-  and 
mult i vear  ice 

A  representative  portion  ot  the  tour-channel  simulta¬ 
neously  collected  SA  R  ice  imagery  ot  the  test  area  is  show  n  in 
big  I  These  data  were  collected  on  March  It'.  Id'd  over 
incidence  angles  ranging  Irom  0  to  55  This  particular 
image  is  predominantly  made  up  ol  multiyear  floes,  multi- 
vear  hits,  tirst-vear  smooth-ice  areas,  and  numerous  ridges 
and  rubble  created  bv  the  gi  inding  ol  ice  floes  l  ive  examples 
ot  ice  tv  pes  are  labeled  on  big  I  tirst-vear  smooth  I  b\  S). 
tirst-vear  rough  (JAR),  second- vear  (SY I.  multiyear  smooth 
(Ml  S  I,  and  multiyear  rough  (  M  YR  )  1  hese  were  identified 
using  low -altitude  aerial  photographs  1  he  resolution  ot  the 
SAR  image  presented  in  big  I  is  approximatelv  >  •  1  m  in 
noth  slant  range  and  azimuth 

Qualitative  examination  ol  all  loui  channels  reveals  that 


k !£  -  f  i’ur-channcl  SAR  imagers  ol  nearly  the  same  arej  a-  shown  in  Fiji  I  collected  on  March  IN.  I  ho  portion  ot  ihe 

SAR  swath  was  imaged  at  incidence  angles  ranging  trom  '4  to  s  ' 


\  -band  data  show  a  significantly  higher  return  for  multiyear 
ice  than  for  first-year  ice  This  is  particularly  true  for  the 
cross-polari/ed  iHV)  channel  where  puddles  and  drainage 
patterns  created  during  the  precious  summer  are  visible  on 
the  large  multiyear  floes  The  /  -band  data  contain  informa¬ 
tion  mainly  on  the  ridging  characteristics  of  the  ice  field 
These  observations  are  consistent  with  those  based  on 
scat tero meter  measurements  R].  [7], 

1  he  radar  reflectivity  from  a  particular  ice  type  is  a 
lunction  ot  the  surface  roughness  (including  its  orientation 
relative  to  the  radar  wave)  and  electrical  properties  (dielec¬ 
tric  constant)  I  he  si/e  or  scale  of  the  surface  roughness 
determines  w  hich  radar  wavelengths  will  be  most  sensitive  to 
that  particular  ice  type  Some  combination  of  surface  and 
volume  scattering  is  probably  responsible  for  the  signatures 
trom  v  a  nous  ice  types  in  Tig.  I  [8]  The  dielectric  constant  of 
sea  ice  is  a  strong  function  of  its  brine  content  Thus  SAR  ice 
signatures  lor  individual  ice  types  are  strongly  dependent  on 
season  In  spring  and  summer,  contrasting  signatures  are 
often  masked  by  excessive  free-water  content  within  or  on 
the  ice 

The  viewing  geometrv  for  the  SAR  data  collection  also 
affects  the  amount  of  contrast  between  signatures  from 
various  tee  tv  pes.  Presented  in  Fig  2  is  four-channel  imagery 
trom  a  flight  on  March  18,  1979  collected  over  nearly  the 
same  area  as  the  data  in  Fig  I  The  only  difference  between 
the  flights  was  that  these  data  were  collected  over  incidence 
angles  ranging  from  69°  to  83°.  At  these  angles,  it  appears 


that  none  of  the  four  channels  differentiates  ice  tv  pes  based 
sole! v  on  mean  reflect i v  it v 

The  SAR  data  shown  in  Figs  1  and  2  contain  brightness 
variations  in  range  due  to  both  target  reflectivity  changes 
and  SAR  system  effects  Variations  due  to  SAR  system 
effects  including  antenna  gain  pattern,  propagation  losses, 
geometry  effects,  and  optical  recorder  variations  have  been 
identified  and  a  correction  applied  to  the  data  [9]  The 
resulting  SAR  image  in  theory  contains  onlv  natural  target 
reflectivity  variations  which  can  be  as  large  as  0  25-dB 
degree  incidence  angle 

An  additional  system  effect  is  gain  compression  Careful 
examination  ot  the  hkc-polari/ed  V-hand  data  reveals  that 
lirst-year  ice  bordering  multiyear  floes  has  a  lower  return 
than  first -year  ice  far  removed  from  any  mult iv ear  ice  This  is 
a  consequence  of  the  SAR  receiver  being  driven  above  its 
saturation  threshold  during  data  collection  The  effect  of  this 
phenomenon  is  to  artificially  reduce  the  image  intensities  in 
areas  where  the  real  aperture  radar  beam  contained  a 
significant  amount  of  multiyear  ice  The  cause  and  effects  ol 
gain  compression  in  this  data  set  have  been  examined  in 
detail  bv  I  ivingstone  <7  al.  [10] 

For  the  purposes  of  this  study  .  the  above  effect  w  ill  act  to 
reduce  the  mean  image  intensity  level  of  large  multivear  Hoes 
and  their  immediately  adjoining  areas  Therefore,  due  to  a 
sy  stem  artifact,  the  contrast  is  reduced  between  the  first-  and 
multiyear  ice  areas  on  the  like-polarized  A  -band  data  This 
problem  does  not  occur  in  the  cross-polarized  \  -band  data 


IEEE  TRANSACTIONS  ON  GEOSCIENCE  AND  REMOTE  SENSING.  VOt  GE-’:.  NO  5  SFPTEMBFR  I9K4 


4.14 

due  to  a  reduction  in  radar  cross  sections  to  below  saturation 
levels.  The  effects  of  gain  compression  on  our  analysis  will  be 
discussed  further  where  appropriate. 

III.  Statistical  Analysis 

One  aspect  of  this  investigation  is  to  begin  to  develop  a 
quantitative  methodology  that  could  be  implemented  in 
machine-automated  classification  of  ice  types.  These  meth¬ 
ods  are  required  if  real-time  interpretation  is  to  become  an 
operational  aspect  of  SAR  ice  reconnaissance.  Param¬ 
eterization  of  the  radar  backscatter  from  sea  ice  also  allows 
the  first  question  of  an  optimum  SAR  channel  to  be 
addressed  quantitatively. 

The  statistical  approach  used  in  this  analysis  allows  the 
highly  variable  and  complex  scattering  situation  encoun¬ 
tered  in  a  SAR-imaged  ice  scene  to  be  taken  into  consid¬ 
eration.  Discrimination  on  the  basis  of  mean  backscatter 
alone  is  complicated  by  reflectivity  variations  due  to  non- 
uniform  system  effects  and  changing  incidence  angles  across 
the  imaged  swath.  Investigations  with  combined  SAR  and 
scatterometer  backscatter  measurements  appear  somewhat 
more  promising  [II].  Multivariant  classification  schemes 
utilizing  tonal  (brightness)  information  are  being  pursued, 
but  preliminary  results  indicate  that  tone  is  not  a  unique 
ice-type  classifier  for  the  data  sets  investigated  [II].  A 
complete  ice  reflectivity  signature  library  would  be  required 
for  a  totally  successful  tonal  classification;  this  would  require 
a  fully  calibrated  SAR  system.  Preliminary  investigations 
have  also  been  made  into  exploiting  image  texture  informa¬ 
tion  for  sea  ice  classification  [12].  Textural  measures  show 
considerable  promise  as  ice  classifiers,  based  on  the  limited 
data  set  studied  so  far,  but  their  use  in  conjunction  with  tone 
has  yet  to  be  evaluated. 

This  investigation  first  considers  the  fundamental  charac¬ 
teristic  of  mean  backscatter  and  standard  deviation.  For 
some  ice  types  and  imaging  conditions,  these  parameters  can 
be  valuable  measures  for  ice-type  discrimination.  However, 
F  Y  R  and  M  Y  R  ice  areas  are  not  always  differentiated  based 
on  tone  alone.  More  sophisticated  techniques  are  therefore 
investigated  which  potentially  can  provide  increased  dis¬ 
crimination  capability  and  give  more  information  as  to  the 
scattering  properties  of  the  ice. 

The  statistical  techniques  considered  in  this  study  require 
the  data  to  be  in  a  digital  format.  The  optically  generated 
data  [  1 3]  shown  in  Fig.  1  were  digitized  for  further  analysis 
using  the  ERIM  Hybrid  Image  Processing  Facility  (HIPF) 
which  is  described  in  detail  in  [14],  The  HIPF  is  a  SAR 
optical  processor  interfaced  with  a  digital  computer  via  a 
digitally  controlled  special-purpose  image  dissector.  Fre¬ 
quently.  SARs  operate  with  a  range  of  return  brightnesses 
spanning  SO  dB.  Much  of  this  dynamic  range  can  be 
preserved  through  pulse  compression  techniques,  imple¬ 
mented  optically  or  digitally.  Photographic  emulsions,  how¬ 
ever,  can  retain  only  about  20-dB  dynamic  range,  of  which 
only  a  portion  is  linear.  By  optically  processing  (com¬ 
pressing)  and  digitally  recording  the  SAR  amplitude  data, 
approximately  43-d B  dynamic  range  can  be  preserved.  This 
should  provide  adequate  dynamic  range  for  ice  data  based 
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Fig.  3.  Scattcrplots  of  average  mean  and  average  standard  deviation 
showing  separability  of  ice  types  as  a  function  of  polari/atton  (or  (a) 
Y-band  and  (b)  L-band  data. 


on  surface-based  microwave  measurements  of  ice  reflectivity 

[8], 

Briefly  the  following  statistical  methods  are  considered  in 
this  investigation; 

1)  grouping  of  sample  points  with  respect  to  mean. 

2)  analysis  of  variance, 

3)  location  and  grouping  of  sample  points  in  skewness- 
kurtosis  space,  and 

4)  classification  or  differentiation  of  samples  according  to 
two  nonparametric  tests. 

Scatter  plots  of  average  mean  values  and  average  standard 
deviations  (Fig.  3)  show  the  discriminability  of  ice  types  as  a 
function  of  radar  frequency  and  polarization.  These  plots 
are  based  on  sample  ice  floes  labeled  M  YS  and  FYS  in  Fig.  I . 
The  plots  quantitatively  demonstrate  that  L-band  does  not 
discriminate  MYS  from  FYS  ice  as  well  as  the  Y-band  data, 
given  these  winter  Beaufort  Sea  ice  conditions. 

The  Y-band  scatter  plot  indicates  that  the  cross-polarized 
channel  separates  the  two  ice  types  more  clearly  than  the 
like-polarized  channel.  This  is  due  to  the  reduced  intensity  of 
the  multiyear  ice  areas  in  the  like-polarized  data  due  to 
receiver  saturation  as  previously  discussed.  In  their  study. 
Livingstone  et  al.  [10]  predicted  by  theory  and  verified 
through  actual  measurements  a  reduction  in  the  multiyear 
ice  intensity  of  about  7  dB.  If  this  reduction  is  accounted  for. 
the  contrast  between  the  two  ice  types  in  the  like-polarized 
data  agree  to  within  about  1  dB  with  the  cross-polarized 
data. 

A  more  careful  statistical  examination  of  SAR  sea  ice  data 
is  warranted  for  several  reasons.  The  scatter  plots  shown  in 
Fig.  3  indicate  that  mean  value  can  be  used  to  distinguish  ice 
types,  but  only  when  large  homogeneous  FYS  and  MYS  ice 
floes  are  considered.  Smaller  FYR  and  MYR  ice  floes  often 
have  the  same  radar  backscatter  value.  Thus  more  sophis¬ 
ticated  methods  are  needed  to  test  the  reliability  of  mean  as  a 
classification  parameter.  Both  parametric  (analysis  of  vari¬ 
ance)  and  nonparametric  (Kruskal-Wallis)  statistical  tests 
are  investigated  for  this  purpose. 

An  additional  reason  for  turning  to  more  quantitative 
methods  of  statistical  classification  of  ice  data  involves  the 
question  of  radiometric  calibration  and  processing  of  the 
data.  In  general,  the  use  of  mean  values  is  not  valid  unless 
range  reflectivity  variations,  due  to  system  effects  previously 
discussed,  have  been  properly  rectified.  Because  calibration 
of  SAR  systems  is  not  at  the  present  time  absolute,  statistical 
methods  should  be  considered  which  are  independent  of  the 
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Fig.  4.  Graphical  comparison  of  sample  histograms  (solid  line)  with  theo¬ 
retical  distributions  (dashed  line).  Examples  shown  are  (a)  A’ -hand  like- 
polarized  FYS  ice  data  offset  by  a  constant  compared  to  a  Rayleigh 
distribution,  and  (b)  A  - band  like-polarized  M  YS  ice  data  compared  to  a 
normal  distribution. 

effects  on  the  mean.  Pearson's  method,  which  uses  skewness 
and  kurtosis,  satisfies  this  requirement. 

It  has  also  been  observed  that  for  A'-band  (HH)  data,  the 
image  statistics  for  FYS  ice  may  be  distributed  differently 
than  for  MYS  ice.  For  the  sample  distributions  shown  in  Fig. 
4.  the  amplitude  values  for  FYS  ice  are  approximated  by  a 
Rayleigh  distribution  whereas  the  MYS  ice  backscatter 
distribution  is  more  nearly  normal.  This  suggests  that  ice 
types  could  be  classified  by  means  of  their  distributional 
characteristics.  Statistical  methods  exist  for  distinguishing 
such  distributional  characteristics  (Pearson’s  method),  and 
for  determining  whether  two  or  more  data  samples  are 
drawn  from  populations  having  the  same  distribution 
(Kolmogorov-Smirnov  test).  This  approach  then  gives  one 
the  opportunity  to  introduce  a  quantitative  measure  of  how 
much  the  distributions  of  data  differ.  Nonparametric  tests 
(both  the  Kolmogorov-Smirnov  and  the  Kruskal-  Wallis 
mentioned  above)  are  particularly  well  suited  to  SAR  data 
processing,  as  they  do  not  depend  on  whether  the  data  are 
recorded  as  power  or  square  root  of  power  (amplitude). 

The  higher  order  statistics  and  hypothesis  testing  and 
confidence  interval  methods  used  to  examine  the  ice  data  are 
briefly  reviewed  in  the  following  section. 

A.  Statistical  Analysis  Techniques 

Ideally,  if  the  reflectivity  distribution  for  a  certain  ice  type 
could  be  determined,  then  the  variation  of  parameters  of  one 
or  several  distributions  could  be  used  to  characterize  a 
variety  of  ice  types.  This  is  seldom  the  case,  however;  the 
distribution  of  an  entire  population  (representing,  say,  a 
single  ice  type)  r  >  tally  not  known  and  one  must  instead  be 
content  with  finite  samples  from  that  distribution.  Thus 
every  statistic  of  a  population  is  subject  to  the  uncertainty  of 
its  sampling  distribution,  and  one  is  therefore  constrained  to 
make  and  test  hypotheses  about  a  population  on  the  basis  of 
samples  and  the  sampling  distributions  of  the  statistics  under 
consideration. 

The  hypothesis  testing  procedure  used  in  this  analysis  has 
the  standard  form  of  a  null  hypothesis  and  an  alternative,  the 
choice  between  the  two  made  on  the  basis  of  a  comparison  of 
a  test  statistic  to  a  critical  value.  The  null  hypothesis  has  the 
form  Ho.k  samples  are  drawn  from k  populations  having  the 
same  mean,  or  the  same  variance,  or  the  same  distribution. 
Ho  is  tested  against  the  alternative  hypothesis  H\  that  the  k 
samples  are  drawn  from  populations  having  unequal  means. 


Fig.  5.  Several  theoretical  distributions  represented  in  kurtosis-width 

space. 

or  unequal  variances,  or  different  distributions  Tests  for  the 
validity  of  Ho  are  made  with  analysis  of  variance  and 
Kruskal- Wallis  for  the  mean,  by  the  Kruskal- Wallis  for  the 
variance,  and  by  the  Kolmogorov-Smirnov  for  the  equality 
of  the  distributions.  The  analysis  of  variance  method 
employed  tests  the  behavior  of  the  Fisher  statistic,  defined  as 
the  ratio  of  intersample  variation  to  intrasample  variation. 
The  latter  two  tests  are  nonparametric;  the  Kruskal- Wallis 
requires  ranked  data;  the  Kolmogorov-Smirnov  requires 
cumulative  probability  density  functions  to  be  calculated. 
These  methods  are  available  as  standard  software  routines 
for  most  computers  and  require  only  minor  modification  for 
the  present  application.  Discussions  are  given  by  Dixon  and 
Massey  [IS]  for  the  analysis  of  variance  method  and  by 
Conover  [16]  for  the  Kruskal- Wallis  and  Kolmogorov- 
Smirnov  methods. 

Pearson's  method  and  a  modification  of  it  are  also  used  to 
test  equality  of  distributions.  Pearson's  method  examines 
the  distribution  of  samples  in  skewness-kurtosis  space.  The 
modification  tests  both  skewness  and  kurtosis  against  width 
(defined  as  variance  divided  by  square  of  mean).  Fig.  5  shows 
how  several  of  the  standard  distributions  (such  as  normal, 
Rayleigh,  gamma,  and  chi-square)  can  be  characterized  as 
points  or  lines  when  kurtosis  is  plotted  against  width;  for 
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example,  the  general  normal  distribution  is  characterized  as 
the  line  kurtosis  ~  0  I  his  method  is  described  by  Flderton 
and  Johnson  [  I  7|. 

The  results  of  applying  these  statistical  tests  and  charac¬ 
teristics  to  reflectivity  data  from  several  ice  types  are 
discussed  in  the  following  section 

B  Discussion  it/  Results 

Both  a  qualitative  and  quantitative  examination  of  the 
SAR  Beaufort  Sea  ice  data  have  shown  that  A'-band 
prov  ides  the  most  ice-type  information.  For  this  reason,  this 
band  was  selected  tor  ev  aluation  of  the  various  statistical 
techniques.  In  addition,  ice-type  samples  have  been  ex¬ 
tracted  from  the  SAR  data  at  equal  ranges  to  avoid  range- 
dependent  system  effects 

Figs  band  ^  show  the  like-  and  cross-polarization  imagery 
of  the  first-year  and  multiyear  ice  areas  used  in  the  analysis 
of  ice-type  statistics.  These  areas  were  selected  so  as  to  be  free 
from  extensive  ridging  (i.e..  smooth  Iceland  allow  extraction 
of  representative  subareas  at  constant  range  with  more-or 
less  uniform  baekscatter  characteristics.  From  each  of  the 
areas  shown  in  Figs  b  and  7.  six  subsets  of  35  35  pixels 

(105  ’  105  ml  were  extracted  as  indicated  in  the  figures  and 
statistics  generated  These  statistics  included  the  mean, 
standard  deviation,  skewness,  kurtosis.  width  (variance 
mean  ).  and  the  cumulative  probability  density  function 
Fable  I  presents  a  summary  of  the  average  statistics  for  each 
ice  ty  pe  and  polarization. 

The  separability  of  ice  types  on  the  basis  of  i  an 
baekscatter  value  is  evaluated  using  two  statistical  method' 
an  analvsis  of  variance  using  the  f  ishcr  statistic,  and  the 


Fig  7  Photographic  enlargement  of  the  \-h;ind  like  and  cross-polan/a- 
tion  imagerv  of  the  mult i> ear  ice  \tud\  area  1  he  location*  w here  *!jiisUcn 
were  generated  are  indicated  on  the  VMJ,  image 

Kruskal- Wallis  test  In  the  analysis  of  variance,  the  test 
statistic  is  calculated  for  each  set  of  multiyear  and  first-year 
ice  samples  at  both  polarizations.  At  the  0.1  significance 
level,  it  is  not  possible  to  reject  the  hypothesis  that  all 
samples  from  a  particular  ice  type  polarization  came  from 
populations  with  the  same  means  I  he  calculation  is  then 
repeated,  adding  one  multiyear  sample  to  the  first-year 
samples  for  each  polarization.  Although  the  test  statistics  for 
these  cases  are  an  order  of  magnitude  greater  than  those  in 
the  previous  cases  (i.e.,  the  variance  between  samples  was 
greater),  the  hypothesis  of  equal  means  could  not  he  reiected 
at  the  0. 1  significance  level.  Again,  repeating  the  calculation 
for  the  average  means  and  standard  deviations  of  FNS  and 
MYS  cross-polarized  as  one  group,  and  the  FYS  and  M  YS 
like-polarized  as  a  second  group.  th<  hypothesis  can  not  he 
rejected  (at  the  same  significance  level )  for  the  like-polarized 
group,  but  can  be  rejected  for  the  cross-polarized  group 
This  is  again  a  result  of  the  lower  contrast  between  ice  ty  pes 
in  the  like-polarized  data  due  to  signal  saturation  In  the 
absence  of  saturation,  the  like-polarized  data  would  be 
expected  to  behave  similarly  to  the  cross-polarized  data 
The  Kruskal- Wallis  test  is  based  on  a  ranking  of  the  data 
and  tests  the  hy  pothesis  that  all  ;he  samples  in  a  given  lest 
area  am  from  the  same  distribution,  lo  ascertain  the 
applicability  of  this  test  to  S  NR  ice  data,  areas  of  the  same 
ice  type  and  polarization  are  compared  amongst  themselves 
That  is.  we  attempt  to  show  that  all  areas  of  a  given  ice  tv  pe 
and  polarization  came  from  the  same  distribution  Results 
indicate  that  in  all  eases,  i.e  .  first-year  like-polarized, 
multiyear  like- polarized,  first -v ear  cross- polar  ized.  and  mul¬ 
tiyear  cross-poln;  ized.  the  Inpothesis  was  reiected  'hat  is. 
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TABLE  I 

Average  Statistics  for  Ice  Samples 


Ice  Type 

Polarization 

Mean'-2 

Standard' ’2 
Deviation 

7 

Skewness 

Kurtosti2 

Width2 

FYS 

HH 

51.7  a  7.2 

7.3  »  0.6 

0.4  a  0.2 

0.3  *  0.3 

0.020  *  0.002 

FYS 

HV 

21.9  *  0.4 

2.9  *  0.1 

0.2  *  0.1 

0.0  *  0.2 

0.018  *  0.001 

MYS 

HH 

68.4  a  3.0 

11.1  *  0.7 

0.3  *  0.2 

0.8  a  0.3 

0.026  *  0.002 

MYS 

HV 

58.2  *  31 

11.2  *  0.8 

0.5  *  0.1 

0.4  a  0.3 

0.037  a  0.003 

1.  Backscatter  amplitude  in  arbitrary  units. 


N 

2.  Standard  Definition  of  Statistics:  Mean  (x)  .  ^  ^  x^,  Standard  Deviation  ■  .^5^, 


i.l 


Skewness  » 


(m,) 


177 


Kurtosis 


-j  -  3,  Width  «  ^  ,  where  ™j  -  j  ^  ]  (x(i)  -  x)^  . 
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Fig.  8  Skcwness-kurtosis  plots  for  (a)  -Y-band  like-polarization  data,  and  .  „  ......  .  .  . ... 

lb)  V-hand  cross-polari/ation  data.  These  plots  show  little  separability  of  F'*v 9-  K-“«os.s-w.dth  plots  for  (a)  X-band  I.ke-polanzat.on  data,  and  (b) 


FYS  and  MYS  ice  using  these  parameters. 


Y-band  cross-polarization  data  The  cross-polarization  data  show  some 
degree  of  separability  between  the  ice  types  based  on  the  width  statistic. 


this  test  did  not  show  that  all  samples  from  a  particular  ice 
type  polarization  combination  came  from  the  same  popula¬ 
tion.  This  result  is  in  contradiction  to  the  results  of  the 
analysis  of  variance,  a  parametric  test  for  the  same  hypo¬ 
thesis.  A  possible  explanation  for  these  results  lies  in  the 
nature  of  the  digital  SAR  ice  data.  When  digitized,  the 
intensity  values  of  the  SAR  image  are  quantized  as  integers 
resulting  in  a  multivalued  data  distribution  function  that  is 
discontinuous.  When  these  data  are  ranked,  a  large  number 
of  ties  occur.  These  conditions  appear  to  be  incompatible 
with  the  basic  assumptions  made  in  applying  the  Kruskal- 
Wallis  lest. 

Taking  the  average  values  for  the  six  subsets  within  each 
digital  area  (see  Table  I),  skewness  is  plotted  against  kurtosis 
as  a  function  of  polarization  and  ice  type  in  Fig.  8.  As  can  be 
seen  from  these  plots,  ice  types  are  not  clearly  separated  on 
the  basis  of  their  skewness  and  kurtosis  measures.  Somewhat 
better  separability  is  obtained  by  comparing  kurtosis  to 
sample  width  as  plotted  in  Fig.  9.  These  figures  indicate  that 
the  cross-polarized  channel  can  discriminate  FYS  from 
MYS  ice  better  than  the  like-polarized  channel  based  on 
these  higher  order  parameters. 

As  an  alternative  method  of  examining  the  characteristics 
of  ice  sample  distributions,  the  nonparametric  Kolmogorov- 
Smirnov  (K-S)  test  is  used  to  com;  are  the  cumulative 
probability  density  function  of  a  known  distribution  with 
that  of  a  given  sample.  Using  the  same  six  first-year  and 
multiyear  samples,  cumulative  probability  density  functions 
were  calculated  and  compared  to  the  normal  distributions 
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Fig.  10.  Comparison  of  cumulative  probability  density  functions  of  a 
normal  distribution  (dashed)  with  an  Y-band  like-polarized  FYS  ice 
sample  distribution  with  a  90-percent  confidence  band  calculated  from 
the  Kolmogorov- Smirnov  statistics. 

with  the  corresponding  means  and  standard  deviations  as 
illustrated  in  Fig.  10.  The  significance  level  (a)  for  this  test 
was  0. 1.  The  results  of  this  test  indicated  that  for  first-year 
ice,  the  measured  distributions  are  not  statistically  different 
from  normal  for  three  of  the  like-polarized  areas,  and  all  of 
the  cross-polarized  areas.  For  multiyear  ice,  the  measured 
distributions  are  not  statistically  different  from  normal  for 
two,  and  three  of  the  like-  and  cross-polarized  areas, 
respectively. 

The  result  for  the  cross-polarized  first-year  ice  areas  could 
be  predicted  based  on  their  near-zero  skewness-kurtosis 
value  (Fig.  8)  which  typifies  the  normal  distribution,  and  on 
the  fact  that  system  noise  probably  dominates  speckle  noise 
for  these  low-intensity  returns.  Samples  from  the  like- 
polarized  data  were  also  compared  to  a  Rayleigh  distribu¬ 
tion.  Four  of  the  first-year  and  four  of  the  multiyear  sample 
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distributions  can  be  characterized  by  a  Rayleigh  density 
function  at  the  90-percent  sensitivity  level.  Clearly,  no 
definitive  statement  can  be  made  as  to  what  distribution 
function  best  characterizes  M  YS  or  FYS  ice  data  based  on 
this  limited  application  of  the  K-S  test.  Comparison  of  the 
theoretical  and  observed  plots  for  kurtosis  versus  width  (Figs. 
S  and  9)  suggests  that  the  beta  or  lognormal  distribution 
might  also  be  appropriate  to  consider. 

IV.  Summary 

The  two  aspects  of  this  investigation  have  dealt  with  the 
determination  of  optimum  SAR  imaging  parameters  for  sea 
ice  mapping,  and  with  the  development  of  quantitative 
classification  methods  that  are  suitable  for  automatic  inter¬ 
pretation  of  SAR  ice  data.  The  scope  of  these  objectives  is 
obviously  beyond  that  of  a  single  investigation.  Neverthe¬ 
less,  the  results  presented  here  can  begin  to  provide  some 
insight  into  the  solution  of  these  problems. 

A  qualitative  examination  of  simultaneously  collected 
four-channel  SAR  imagery  of  sea  ice  in  the  Beaufort  Sea 
indicated  that  relatively  short  wavelengths  and  steep  inci¬ 
dence  angles  provide  the  most  information  on  sea  ice  types. 
Comparing  A-band  and  L-band  imagery,  more  tonal 
(brightness)  variation  between  FYS  and  M  YS  ice  types  was 
observed  in  the  A-band  data.  The  /.-band  data  mainly 
characterized  the  ridging  structures  in  the  ice  pack.  Due  to 
receiver  saturation  in  the  A-band  like-polarization  channel, 
the  cross-polarized  channel  provided  the  greatest  discrim¬ 
ination  between  ice  types.  These  comparisons  are  based  on 
data  obtained  at  incidence  angles  between  (F  and  55° .  Nearly 
coincident  imagery  obtained  at  incidence  angles  between  69° 
and  83°  showed  very  little  tonal  variation  between  ice  types 
regardless  of  radar  frequency  or  polarization. 

Statistical  parameterization  of  SAR  sea  ice  backscatter  in 
terms  of  mean  and  standard  deviation  allowed  quantitative 
verification  of  these  results.  Scatter  diagrams  of  average 
mean  backscatter  amplitude  for  FY  and  MY  ice  types 
showed  again  that  these  could  best  be  distinguished  with 
A-band  data. 

More  sophisticated  statistical  tests  were  used  to  evaluate 
the  reliability  of  mean  and  standard  deviation  for  ice-type 
discrimination.  Application  of  an  analysis  of  variance 
method  to  each  set  of  samples  drawn  from  a  particular  ice 
type  indicated  that  all  samples  in  each  set  could  be  consid¬ 
ered  to  have  come  from  the  same  distribution.  However, 
MYS  and  FYS  ice  samples  did  not  vary  significantly  on  an 
individual  basis  for  the  analysis  of  variance  to  detect  the 
addition  of  one  MYS  sample,  for  example,  to  the  set  of  FYS 
samples,  at  the  significance  level  chosen.  Averaging  of 
sample  means  was  required  to  improve  the  results  of  this 
analysis.  The  nonparametric  Kruskal-  Wallis  test  was  also 
applied  for  this  purpose,  but  on  closer  examination  of  the 
results  it  was  concluded  that  this  test  was  incompatible  with 
the  way  the  data  had  been  processed. 

Higher  order  moments  were  also  considered,  both  as 
means  of  achieving  better  discrimination  and  as  alternatives 
to  the  mean  which  can  vary  across  an  imaged  scene  due  to 
system  effects.  The  statistical  measures  skewness  and  kur¬ 
tosis  were  found  to  be  less  useful  than  width  (variance/ 


mean2)  as  actual  ice-type  discriminators,  but  they  may 
provide  clues  as  to  the  distribution  function  for  each  ice  type. 

The  Kolmogorov-Smirnov  test  was  used  to  compare  the 
normal  and  Rayleigh  distributions  to  the  sample  distribu¬ 
tions  for  FYS  and  MYS  ice.  With  the  exception  of  the  FYS 
cross-polarized  data,  which  is  probably  dominated  statis¬ 
tically  by  system  noise,  there  was  no  clear  indication  that  one 
distribution  was  more  characteristic  than  the  other  for  either 
ice  type.  For  this  particular  test,  more  distribution  types  and 
more  samples  need  to  be  considered. 

The  investigation  presented  here  is  admittedly  limited  in 
scope.  Evaluation  of  the  different  SAR  data  channels  for 
utility  in  ice-type  discrimination  has  been  restricted  to  only 
one  data  set.  Also,  the  A-band  like-polarized  data  were 
compromised  due  to  receiver  saturation.  Although  a  wide 
range  of  incidence  angles  have  been  examined,  only  one  set 
of  environmental  conditions  could  be  considered.  With  the 
preliminary  nature  of  the  statistical  analysis,  no  clear 
definition  of  an  optimum  method  for  quantifying  ice-type 
signatures  could  be  expected.  The  results  do,  however, 
indicate  areas  that  should  be  pursued. 

The  statistical  analysis  was  probably  most  limited  by  the 
small  number  of  samples  from  each  ice  type  considered;  this 
is  especially  true  for  the  Kolmogrov- Smirnov  test.  In  order 
to  accurately  characterize  the  distribution  function  of  a  given 
ice  type  it  may  be  necessary  to  determine  the  mean  and 
standard  deviation  of  the  parent  distribution  from  the 
sampling  distribution  which  requires  taking  many  more 
samples  than  the  six  considered  here.  The  comparison 
distribution  would  then  be  more  representative  and  the  K-S 
test  could  be  used  to  test  the  reliability  of  using  distribution 
characterization  for  ice-type  discrimination. 

Several  other  factors  have  not  been  considered  that  could 
affect  the  statistical  properties  of  the  ice  data  samples.  The 
great  variability  in  the  statistical  character  of  each  sample, 
indicated  in  both  applying  Pearson’s  method  and  in  the  K-S 
test,  points  up  the  need  to  investigate  how  the  data  collection 
and  processing,  and  the  imaging  process  itself,  affect  data 
statistics.  The  effect  of  coherent  speckle,  for  example,  is  an 
important  issue  that  has  not  been  addressed  in  the  present 
investigation.  In  addition,  sampling  aperture  size  may  be  an 
important  parameter  both  for  averaging  out  variations 
introduced  during  processing  and  digitization  and  for  ade¬ 
quately  characterizing  the  statistics  of  a  given  ice  type.  This 
problem  of  optimum  aperture  scale  is  closely  related  to  the 
image  texture,  an  area  currently  under  intensive  study. 

This  investigation  shows  that  further  research  is  needed  to 
develop  satisfactory  quantitative  measures  for  ice-type  dis¬ 
crimination.  Many  of  the  problems  concerning  processing 
effects  could  be  addressed  by  using  digitally  recorded  and 
processed  SAR  data.  Seasat  SAR  coverage  of  sea  ice.  for 
example,  is  available  in  digital  format.  These  data  have  the 
additional  advantage  of  having  well-documented  speckle 
characteristics.  A  statistical  analysis  of  this  or  an  equivalent 
data  set  is  clearly  warranted. 
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Abstract  A  new  technique  has  been  developed  to 
estimate  digitally  the  concentration  and  structure  of 
open-water  leads  (polynyes)  in  synthetic  aperture  radar 
(SAR)  sea-ice  data.  This  procedure  consists  of  smoothing 
the  original  SAR  sea-ice  data  to  reduce  speckle  effects, 
level  slicing  this  smoothed  image  to  produce  a  binary  image 
consisting  of  ice  and  open  water,  generating  the  auto¬ 
correlation  function  of  this  image,  and  interpreting  the 
autocorrelation  function  for  lead  information.  Preliminary 
results  indicate  that  this  technique  yields  useful  estimates  of 
lead  characteristics,  but  that  additional  research  is  required 
to  evaluate  fully  its  performance. 

INTRODUCTION 

Synoptic  characterization  of  polynyes  or  open-water 
leads  in  the  polar  pack  ice  is  important  for  several  reasons. 
Leads  play  an  important  rale  in  the  energy  balance  of  the 
Arctic.  The  sin,  orientation,  and  concentration  of  I— it.  also 
determine  the  navigability  of  an  area.  In  addition,  sequential 
monitoring  of  leads  provides  an  estimate  of  ice  dynamics. 
Synthetic  aperture  radar  (SAR)  with  its  synoptic,  ail 
weather,  day  or  night  imaging  capabilities  offers  great 
potential  in  providing  this  information.  The  purpose  of  this 
note  is  to  describe  a  technique  which  has  been  developed  to 
extract  information  on  lead  characteristics  from  digital  SAR 
data  of  sea  ice. 

A  previous  study  by  Bryan  and  others  (1977)  examined 
SAR  imagery  for  lead  information.  The  data  used  in  that 
study  were  collected  by  the  Jet  Propulsion  Laboratory  (JPL) 
L-band  (23  cm  wavelength)  SAR  system  during  the  1973 
AIDJEX  program.  The  optically  processed  L-band  image 
films  were  digitixed  using  a  microdensitometer  to  facilitate 
digital  analysis.  The  procedure  used  in  the  Bryan  study  con¬ 
sisted  of  level  slicing  the  digitixad  data  to  form  binary 
images  representing  open  water  (leads)  and  ice.  The  total 
concentration  of  leads  was  then  estimated  from  histograms 
of  the  binary  image  data.  They  also  estimated  lead  orienta¬ 
tion  through  examination  of  the  Fourier  transforms  of  the 
binary  imagery.  The  assumption  made  in  the  Bryan  study 
was  that  there  would  be  a  concentration  of  energy  in  the 
Fourier  transform  with  the  same  orientation  as  that  of  the 
leads.  This  assumes  that  the  leads  are  randomly  oriented, 
which  is  not  justified  for  a  large  part  of  the  Arctic.  The 
procedure  reported  in  this  note  does  not  require  this 
a'sumption. 

APPROACH 

The  lead  parameters  of  most  interest  are  open -water 
concentration,  avenge  length  and  width,  orientation,  and 
spatial  separation.  This  information  is  contained  in  the 
autocorrelation  of  a  binary  image  representing  leads  and  ice 
only.  The  procedures  followed  in  generating  and  anatyiing 
this  auto-correlation  function  are  described  below. 

The  data  we  used  in  our  study  were  collected  in  the 
Beaufort  Sea  by  the  STAR- 1  SAR  system  in  the  fall  of 
19S4.  The  STAR- 1  syttem  is  an  all-digital  SAR  which 
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Fig.  I.  STAB- 1  image  used  in  lead  studies:  this  image  was 
collected  in  the  Beaufort  Sea  from  an  altitude  of  SI  000 
feet  \10  US  m]  in  the  fall  of  !9td. 


operates  at  X-band  (3.2  cm  wavelength)  (Nichols  and  others. 
1914).  The  STAR- 1  system  collected  data  over  a  25  km 
wide  swath  at  a  resolution  of  6  m  in  both  azimuth  and 
slant  range.  These  data  were  collected  with  four  azimuth 
looks  averaged.  A  6  km  «  6  km  sub-set  image  was  selected 
for  our  analysis  and  is  shown  in  Figure  I.  This  image  has 
been  re-sampled  to  24  m  *  24  m  pixels.  The  open-water 
leads  are  imaged  as  dark  or  no-return  areas.  In  some  of  the 
leads,  very  young  ice  has  formed  which  produces  a  grayish 
return.  For  navigation  purposes,  this  very  thin  ice  (<IOcm) 
does  not  present  any  difficulties  so  no  effort  was  made  at 
differentiating  it  from  the  purely  open-water  leads.  The  ice 
shown  in  the  image  is  predominantly  composed  of 
thick  ice  Docs. 

The  first  step  in  our  procedure  was  to  smooth  the  data 
using  a  5  *  5  pixel  window  median  niter.  This  smoothed 
image  is  presented  in  Figure  2.  Note  that  most  of  the 
speckle-related  noise  present  in  the  original  image  has  been 
eliminated.  Statistics  were  generated  for  both  the  open-water 
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Fig.  3.  Binary  image  showing  open- water  leads. 


and  ice  areas  to  determine  an  appropriate  threshold  to 
separate  the  two.  Using  this  threshold,  a  binary  image  was 
generated  with  Is  assigned  to  the  open-water  pixels  and  Os 
to  the  ice  pixels.  This  binary  image  is  presented  in  Figure 
3.  The  open-water  areas  in  this  image  are  primarily  con¬ 
tained  in  three  leads:  two  with  approximately  the  same  size 
and  one  which  is  about  half  the  width  of  the  others. 

The  autocorrelation  function  of  this  binary  image  was 
generated  using  Fourier  transforms  and  its  contour  plot  is 
presented  in  Figure  4  This  function  was  normalized  by  the 
number  of  pixels;  therefore,  the  0  pixel  lag  or  peak  of  the 
autocorrelation  function  corresponds  to  the  concentration  of 
open  water  in  the  image  For  this  image,  a  7.6** 
concentration  of  leads  was  determined.  The  average  size  of 
the  leads  can  be  estimated  from  the  contour  plot  of  the 
autocorrelation  function  by  noting  the  position  where  the 
fall-off  of  the  autocorrelation  tapers  For  the  function 


plotted  in  Figure  4.  this  interpretation  gives  an  a\era 
length  and  width  of  120  and  15  pixels  or  2.9  km  and 
0  4  km.  respectively  The  total  number  of  open-water  pixels 
can  be  determined  by  multiplying  the  concentration  estimadHB 
determined  above  by  the  number  of  pixels  m  the  tmng^B 
Dividing  by  the  average  lead  size  provides  an  estimate  i^B 
the  number  of  leads  in  the  image  For  this  example,  t!^™ 
number  of  leads  in  the  image  is  calculated  to  be  2  8 

The  average  orientation  of  the  leads  is  interpreted  to 
be  the  same  as  the  orientation  of  the  major  axis  of  tl^B 
autocorrelation  function,  which  for  this  example  ^B 
approximately  30°  above  horizontal.  The  last  piece 

information  we  are  concerned  with  is  the  location  of  the 
leads  relative  to  one  another  Limited  information  is  avail¬ 
able  from  the  location  of  the  second-order  peaks  of  tt^H 
autocorrelation  function  Two  second -order  peaks  are  visib^B 
in  Figure  4  and  suggest  that  the  leads  are  p 

separated  in  a  direction  perpendicular  to  their  length  axi!^ 
The  second-order  peaks  indicate  separations  of  85  and  134 
pixels  which  translates  into  distances  of  2.0  km  and  3  2  km 
respectively  These  results  are  consistent  with  the  image 
Figure  3.  H 

It  should  be  emphasized  that  the  autocorrelations 

function  contains  no  information  about  the  phase  of  the 
original  image  and  is  therefore  not  unique  insofar  as  the 
same  autocorrelation  function  may  be  obtained  from 
variety  of  images.  This  simply  means  that  we  cannot  recor^B 
struct  the  original  image  from  the  autocorrelation  functio^B 
It  does,  however,  provide  an  excellent  measure  of  the  IcBl 
characteristics  of  an  ice  scene  ’  'sing  the  information 
obtained  from  Figure  4.  that  is.  three  leads  of  15  -  120 
pixels  oriented  at  30  above  horizontal  with  spaemgs  of 
and  134  pixels,  one  reconstructed  image  would  look  like  tl^| 
one  presented  in  Figure  5  This  was  produced  assuming  th^l 
one  of  the  three  leads  was  centered  in  the  image  There 
a  180  ambiguity  m  the  locations  of  the  other  two  leads 
Comparison  of  Figures  5  and  3  indicates  that  the  auto¬ 
correlation  method  provides  a  good  estimate  of  t 
open- water  leads  in  the  $AR  sea- ice  image 

CONCLUSIONS 

A  new  procedure  has  been  developed  for  digital^- 
estimating  the  concentration  and  structure  of  open-wat^B 
leads  in  SAR  sea-ice  data.  This  procedure  consists  ^B 
smoothing  the  or-ginal  SAR  sea-ice  data  to  reduce  speckWi 
effects,  level  slicing  this  smoothed  image  to  produce  a 
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Fig.  5.  One  possible  reconstruction  of  lead  positions  from 
autocorrelation  function. 

binary  image  of  ice  and  open  water  only,  generating  the 
autocorrelation  of  this  image,  and  interpreting  the  auto¬ 
correlation  function  for  lead  information. 

Results  from  applying  this  method  to  a  STAR-1  sea-ice 


image  containing  open-water  leads  are  encouraging 
Estimates  of  lead  concentration,  average  size,  orientation, 
and  spatial  separation  were  obtained.  One  realization  of  the 
lead  locations  was  generated  from  these  estimates  and  found 
to  agree  well  with  the  original  imagery.  These  results 

indicate  that  the  lead  characteristics  of  a  scene  can  be 
adequately  characterized  by  just  a  few  parameters. 

Recommendations  for  additional  studies  include  applying 
this  technique  to  more  complex  sea-ice  scenes  to  determine 
its  effectiveness.  Intuitively,  these  would  be  the  conditions 
where  this  technique  would  outperform  a  human  interpreter. 
In  a  confused  scene,  a  human  interpreter  would  have 

problems  estimating  an  average  size  or  orientation.  The 
autocorrelation  function,  however,  provides  a  sutistically 

based  estimate  of  these  parameters. 

Additional  research  also  is  required  to  automate  fully 
the  above  procedure.  These  studies  should  examine  the 
selection  of  the  threshold  to  differentiate  ice  from 
open-water  or  thin-ice  regions.  In  addition,  techniques  to 

inarpret  automatically  the  autocorrelation  function  should  be 
investigated. 
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The  Editor, 

Journal  of  Glaciology 


isotopic  fractionation  at  the  bate  of  polar  and  sub¬ 
polar  glaciers 


factors  would  allow  one  to  reach  the  same  result.  I  do  not 
yet  see  a  means  of  testinf  this  further  with  a  single  iso¬ 
topic  approach. 
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In  their  paper,  Boulton  and  Spring  (1986)  use  the  well- 
knowo  Rayleigh  model  to  interpret  the  oxygen-isotopic 
composition  of  basal  ice  from  Byrd  Station  and  to  discuss  a 
possible  application  for  other  oxygen-isotopic  profiles  from 
polar  glaciers.  There  are  some  limitations  to  the  use  of  their 
approach  that  I  would  like  to  point  out 

1.  While  the  fractionation  at  the  water-ice  interface  is 
always  given  by  the  equilibrium  fractionation  coefficient 
(1.003  for  “O),  the  amount  of  observed  fractionation  is 
dependent  on  the  freezing  rate.  This  is  due  to  the  fact  that 
the  water  close  to  the  ice  interface  is  more  or  less  depleted 
in  heavy  isotopes.  The  controlling  factor  is  the  ratio 
between  the  diffusion  coefficient  of  H,'*0  in  water  and  the 
freezing  rate.  As  pointed  ont  by  Posey  and  Smith  (1937), 
the  consequence  is  that  the  ice  is  more  or  less  enriched  in 
“O.  The  observed  separation  will  be  different  from  the 
true  value.  The  isotopic  range  between  the  value  at  a 
certain  percentage  of  freezing  -  that  is  for  the  suthors  at  a 
certain  value  of  discharge  reduction  -  and  the  value  of  the 
initial  water  is  thus  not  fixed  unless  diffusion  phenomena 
and  freezing  kinetics  are  considered.  It  would  only  be  fixed 
if  water  is  always  completely  homogenized  during  freezing. 
This  limiting  case  would  give  a  Rayleigh  distribution  for  an 
infinitely  low  freezing  rate.  Of  course,  this  is  probably 
never  realized  in  Nature.  The  Jouael  and  Souchez  (1982) 
approach  was  concerned  with  a  cd- isotopic  study  -  both 
D/H  and  uO/mO  -  and  put  forward  the  concept  of  the 
slope  of  the  freezing  process  on  a  SD-8“0  diagram.  This 
slope  is  not  dependent  on  the  freezing  tate  but  the  relative 
positions  of  the  points  representing  e  certain  percentage  of 
freezing.  If  we  refer  to  figures  2  and  3  of  the  paper  by 
Souchez  and  Jouzel  (1914),  the  apparent  fractionation  co¬ 
efficients  can  be  very  different  from  equilibrium  values  in 
freezing  experiments  but  the  slope  (a  -  l)/(8  -  I)  is  the 
same.  This  phenomenon  has  to  be  taken  into  account  for  a 
precise  interpretation  of  the  isotopic  composition  of  basal 
ice. 

2.  If  an  open  system  is  considered,  then  another  difficulty 
arises.  Souchez  and  De  Groote  (1913)  showed  that  the 
freezing  slope  increases  if  initial  water  is  mixed  with  iso¬ 
top  ically  more  negative  water  in  the  course  of  freezing. 
Thus,  the  range  of  values  for  a  single  isotopic  ratio 
between  the  value  at  a  certain  percentage  of  freezing  and 
the  value  of  the  initial  water  will  be  different  if  there  is 
some  mixing  or  if  there  is  none.  By  a  study  of  a  single 
isotopic  ratio,  it  is  not  possible  to  tell  whether  the  isotopic 
profile  in  basal  ice  is  only  due  to  fractionation  by  freezing 
without  any  mixing.  Obviously,  a  co-isotopic  study  of  basal 
ice  from  Byrd  Station  would  be  of  great  value.  I  am  aware 
that  the  SD  values  of  basal  ice  from  Byrd  Station  are 
probably  not  available. 

I  am  not  sure  that,  at  the  present  day,  a  theory  can 
predict  that  the  difference  between  subglacial  water  and  the 
basal  part  of  normal  ice  at  Byrd  Station  would  be  5.4°/oo 
and  that  the  difference  between  9>(0  values  for  subglacial 
water  and  the  glacier  sole  with  which  it  is  in  contact  would 
be  3*/«  for  the  two  reasons  given  above.  One  cannot 
exclude  the  poasibility  that  the  slight  difference  obtained  by 
the  authors  is  purely  coincidental,  as  other  combinations  of 
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Winter- talus 
ramparts 


ridges .  miration  ndges.  and  pro-talus 


In  a  previous  letter  to  the  Journal  of  Glaciology .  D.R." 
Butler  (1986)  drew  attention  to  the  apparent  primacy  of 
R.A.  Daly  (1912)  in  describing  “winter- talus  ridges",  features 
that  are  now  usually  referred  to  as  pro-talus  ramparts  f 
Butler  also  suggested  a  return  to  Daly's  original  terminology  ] 
His  letter  raises  a  number  of  interesting  issues. 

First,  R.A.  Daly  was  apparently  mot  the  first  person  to 
provide  a  written  description  of  pro-talus  ramparts,  though 
he  may  well  have  inferred  their  mode  of  formation, 
independently.  It  is  often  difficult  to  establish  primacy  ini 
scientific  explanation,  but  it  is  clear  from  a  number  ofl 
accounts  that  certain  geologists  and  geographers  working  iit 
the  British  Isles  were  aware  that  ridges  could  accumulate  at 
the  foot  of  perennial  or  even  possibly  late-lying  snow  beds 
several  years  before  Daly’s  description  was  published  Fori 
example,  in  an  account  of  the  various  types  of  moraine 
found  in  the  English  Lake  District.  Ward  (1873.  p.  4:6g 
described  a  separate  category  consisting  of 

"mounds  of  scree  material  formed  at  the  base  of  a 
slope,  by  the  sliding  of  fragments  over  an  incline  ofl 
snow  lying  at  the  base  of  crags",  1 

and  noted  that  he  was  indebted  for  this  suggestion  to 

"Mr  Drew,  late  of  Cashmere  ...  he  having  seen  mounds 
of  this  kind  at  the  foot  of  snow  slopes  among  the! 
Himalayas".  I 

A  quarter  of  a  century  later,  Marr  and  Adie  (1898.  p  56 1 
described  a  possible  example  of  what  would  now  be  termed 
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The  Modified  Beta  Density  Function  as  a  Model  For 
Synthetic  Aperture  Radar  Clutter  Statistics 

Andrew  L.  Maffett  and  Christopher  C.  Wackerman 


Abstract—  In  generating  automatic  classification  algorithms  from  SAR 
image  data  it  is  important  to  have  an  adequate  model  for  the  under¬ 
lying  distribution  function  of  the  random  variable  used  to  model  the 
image  data.  A  number  of  different  candidate  distribution  functions  have 
been  presented  previously  ,  but  no  single  model  has  been  shown  to  rep¬ 
resent  a  range  of  clutter  targets.  We  show  here  that  the  modified  beta 
distribution  function  is  such  a  model  that  can  adequately  represent  a 
range  of  SAR  returns  from  different  ice  types  by  a  simple  change  in  its 
parameters.  This  ability  is  explained  by  describing  the  distribution 
functions  in  width,  modified  skewness  space  where  the  modified  beta 
function  covers  a  region,  while  the  other,  more  common,  distribution 
functions  cover  only  a  curve.  A  procedure  for  comparing  sample  dis¬ 
tribution  functions  with  analytical  functions  specifically  for  digitized 
SAR  data  is  presented,  and  the  modified  beta  model  is  tested  on  166 
subsets  drawn  from  three  SAR  collections  over  different  ice  types  and 
over  open  water.  We  show  that  the  modified  beta  function  can  model 
essentially  all  of  the  SAR  subsets,  where  the  other  more  common  dens¬ 
ities  cannot.  Finally,  we  present  some  classification  of  ice  types  using 
the  parameters  from  the  modified  beta  function. 


I.  Introduction 

ONE  of  the  obvious  advantages  of  Synthetic  Aperture  Radar 
(SAR)  is  its  ability  to  image  large  geophysical  areas  and 
automatically  create  from  these  images  large-scale  maps  which 
contain  scene  information  such  as  crop  type,  population  den¬ 
sity.  ice  type.  etc.  This  capability  has  motivated  a  large  amount 
of  research  on  developing  automatic  classification  algorithms 
for  SAR  data.  When  addressing  a  classification  problem  that 
involves  SAR  imaging  of  diffuse  targets  (fields,  water,  and  ice. 
for  example,  as  opposed  to  hard  targets  such  as  vehicles  or 
buildings),  a  common  approach  is  to  model  the  image  data  as  a 
random  process  and  then  derive  classification  algorithms  from 
models  of  the  probability  distribution  function  underlying  the 
random  process  [1].  [2].  Such  a  classical  approach  can  derive 
optimal  classification  schemes  which  minimize  given  error  met¬ 
rics.  and  so  there  is  a  large  motivation  for  deriving  distribution 
function  models  which  can  adquately  describe  diffuse  SAR  clut¬ 
ter  over  a  large  range  of  targets;  the  most  convenient  being  a 
model  where  only  the  parameter  values  need  to  change  for  dif¬ 
ferent  target  types  and  the  form  of  the  function  can  remain  fixed. 

The  main  interests  of  the  authors  in  this  area  are  with  SAR 
images  of  Arctic  ice  and  with  the  derivation  of  classification 
algorithms  for  automatically  distinguishing  different  ice  types. 
There  is  considerable  interest  and  need  in  the  community  for 
generating  large-scale  ice-type  maps  of  the  Arctic  regions  [3], 
and  the  use  of  SAR  sensors,  especially  satellite-based  systems, 
to  generate  such  maps  holds  much  promise.  Research  into  ice- 
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type  classification  has  been  ongoing  for  more  than  a  decade  and 
many  classification  algorithms  already  exist  [4]-[10];  but  if  op¬ 
timal  classical  algorithms  are  to  be  pursued,  then  a  useful  model 
for  the  distribution  function  of  the  SAR  backscatter  from  the 
various  ice  types  must  be  developed.  Derivations  of  such  models 
have  been  examined  previously  [11],  [12],  but  no  obvious  sin¬ 
gle  model  emerged  which  adequately  At  all  target  types.  In  this 
paper  we  present  such  a  model  using  the  modified  beta  distri¬ 
bution  function  and  show  that  it  can  describe  the  distribution 
function  of  SAR  clutter  from  a  range  of  ice  types  (including 
open  water  as  a  degenerate  ice  type)  by  simply  changing  the 
values  of  the  parameters,  while  maintaining  the  same  functional 
form.  Although  we  do  not  at  present  have  any  optimal  classi¬ 
fication  algorithms  using  this  distribution  function,  we  do  pre¬ 
sent  some  simple  ice-type  classification  algorithms  based  on  the 
parameters  of  the  distribution  function  which  are  insensitive  to 
scale  factors  applied  to  the  data  (i.e.,  do  not  require  absolutely 
calibrated  SAR  images)  that  can  offer  significant  advantages  for 
actual  SAR  sensors  for  which  calibration  is  always  difficult. 

In  deriving  a  distribution  function  model  for  sampled  data, 
there  are  three  main  areas  that  require  attention.  First,  the  al¬ 
gorithm  for  comparing  analytical  distribution  functions  to  dis¬ 
tribution  functions  derived  from  data  must  be  carefully 
constructed,  especially  for  SAR  image  data  where  problems 
such  as  digitization  can  cause  difficulties.  This  procedure  is  dis¬ 
cussed  in  Section  II  below.  Second,  one  needs  to  choose  the 
analytical  forms  to  be  tested.  Instead  of  simply  choosing  a  set 
from  some  common  collection  of  functions,  we  describe  in  Sec¬ 
tion  III  a  procedure  for  choosing  functions  based  on  their  flex¬ 
ibility  of  matching  to  the  higher  order  moments  of  the  image 
data  that  motivates  the  selection  of  the  modified  beta  function. 
Third,  a  method  needs  to  be  implemented  for  choosing  the  val¬ 
ues  of  the  parameters  in  the  density  model  based  on  the  image 
data.  In  Section  IV  we  describe  a  moment-matching  approach 
and  an  iterative  algorithm  for  calculating  the  model  parameters. 

We  present  the  results  of  applying  the  modified  beta  model 
to  three  different  SAR  collections— two  over  Arctic  regions  and 
one  over  open  water— in  Section  V  and  compare  the  results  from 
the  modified  beta  model  to  other,  more  common  models.  In 
Section  VI  we  present  some  classification  results  from  the  pa¬ 
rameters  of  the  modified  beta  model,  and  finally,  in  Section  VII. 
our  conclusions. 


II.  Comparing  Analytical  Models  to  Actual  SAR 

Data 

The  fundamental  problem  addressed  in  this  paper  is  the  de¬ 
rivation  of  a  model  that  adequately  describes  the  distribution 
function  of  data  sampled  from  SAR  images  of  arctic  ice  regions 
(including  open  water).  We  define  a  distribution  function  cal- 
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culated  from  the  SAR  image  samples.  F,(x).  as 

F  (number  of  samples  <  x) 

(total  number  of  samples) 

We  sample  this  function  for  n  samples  of  x:  jt,.  •  •  •  ,  x„.  Since 
we  are  assuming  that  the  SAR  image  samples  are  realizations 
of  some  underlying  random  variable,  the  value  F,( x.)  is  an  ap¬ 
proximation  to  the  probability  that  the  underlying  random  vari¬ 
able  is  within  the  interval  [-*>.  .r, ) .  If  we  let  F(x)  be  the 
candidate  distribution  function  for  the  underlying  random  vari¬ 
able,  then  this  probability  is  simply  F( jc,);  i.e.,  F, ( x, )  =  F( x,). 

The  problem  of  determining  whether  a  sample  of  data  is 
drawn  from  some  given  distribution  function  is  an  intensively 
studied  subject,  and  a  number  of  well-known  tests  already  exist 
(2],  [13],  [14].  Since  by  the  nature  of  the  problem  we  want  a 
nonparametric  test  (i.e.,  a  test  that  makes  no  assumption  about 
the  underlying  density  function  of  the  data),  we  chose  the  Kol¬ 
mogorov  test  [13],  [14],  which  tests  the  hypothesis  that  a  given 
sample  of  data  is  drawn  from  a  population  described  by  a  can¬ 
didate  distribution  function.  Simply  put,  the  Kolmogorov  test 
consists  of  finding  the  maximum  difference  between  the  candi¬ 
date  distribution  function  and  the  distribution  function  calcu¬ 
lated  from  the  data  samples.  If  this  difference  is  greater  than 
some  threshold,  then  we  reject  the  hypothesis  with  some  given 
probability  of  being  in  error:  this  probability  is  called  the  sig¬ 
nificance  level  of  the  test.  The  threshold  value  used  is  often 
referred  to  as  the  Kolmogorov  statistic,  and  is  usually  tabulated 
as  a  function  of  the  significance  level  and  number  of  samples 
in  the  data  [2].  Throughout  this  paper  we  use  a  significance 
level  of  5%  for  calculating  all  of  the  Kolmogorov  statistics. 
Note  that  we  make  no  claim  as  to  the  probability  of  being  cor¬ 
rect  if  the  maximum  difference  between  the  distribution  func¬ 
tions  is  less  than  the  Kolmogorov  statistic.  In  general,  deriving 
that  probability  is  a  difficult  problem,  and  in  the  current  analysis 
we  make  no  attempt  to  solve  it.  We  assume  therefore  that  the 
candidate  distribution  passes  the  test  (i.e.,  that  it  is  an  adequate 
model  for  the  date)  if  the  maximal  difference  is  less  than  the 
5%  Kolmogorov  statistic. 

The  first  step  in  applying  the  test  is  to  determine  what  sam¬ 
ples  we  must  use  to  calculate  F,(x);  i.e.,  the  values  of  x, 
through  x„.  Obviously,  we  must  also  use  these  samples  to  cal¬ 
culate  the  Kolmogorov  statistic  K;  that  is, 

max|F,(x;)-F(x,)|.  (2) 

f  »  1,4 

The  classical  approach  is  to  sort  the  actual  image  date  values 
and  use  all  of  the  unique  values  from  this  set  for  x,  through  x„. 
With  most  SAR  date  this  approach  causes  a  problem,  however, 
since  the  data  at  some  stage  have  usually  been  digitized.  In  one 
of  the  data  sets  described  in  Section  V,  this  digitization  has  been 
done  to  the  SAR  image  values  themselves  so  that  the  data  ac¬ 
tually  consist  of  integer  values.  If  this  integerization  procedure 
is  performed  by  rounding  the  values,  then  the  actual  comparison 
we  need  to  make  is 

F,(*,)  *  F(kj  +  1/2)  (3) 

where  kt  represents  an  integer  value.  In  other  words,  the  prob¬ 
ability  that  the  SAR  image  date  is  &  k,  is  actually  equal  to  the 
probability  that  the  underlying  random  variable  is  2  (k,  + 
1/2),  since  all  of  the  sample  values  in  the  interval  [Jk„  k,  + 
1  /2  ]  are  mapped  into  the  value  A,  in  the  integerization  process. 
Thus  for  integerized  SAR  image  date  the  correct  sampling  of 


o 

c  - 


o  o  : 

■o 


56.0  57.0  58.0  50.0  60.0  61.0  62.0  65.0  6*0 

Number  of  Samples 


Fig.  1 .  Density  function  mean-square  error  as  a  function  of  the  number  of 
samples  to  illustrate  the  sensitivity  of  distribution  function  tests  to  the  sam¬ 
pling  structure  for  digitized  SAR  data. 


F(jr)  is  {kj  +  1  /2),  where  k,  are  the  unique  integer  values  of 
the  SAR  data.  Note  that  we  can  apply  this  same  sampling  to 
F,(x)  without  difficulty. 

Because  of  dynamic-range  considerations,  an  additional 
problem  arises  in  that  most  SAR  image  data  are  integerized  in 
magnitude  form,  while  analysis  of  the  date  is  usually  performed 
on  intensity  or  magnitude-squared  data  which  represents  back- 
scattered  power.  Thus  the  distribution  functions  are  calculated 
on  the  intensity  values,  implying  that  the  sample  spacing  should 
not  be  uniform,  since  the  squaring  operation  causes  the  interval 
within  which  date  are  collapsed  to  increase  with  increasing  data 
values. 

Thus  for  SAR  data  where  the  magnitude  values  are  integer¬ 
ized,  the  correct  values  for  the  samples  x, ,  •  •  •  ,  x„  arc 

x,  -  (*,  +  1/2)2  (4) 

where  kt  represents  the  integer  values  of  the  date.  To  illustrate 
the  effect  of  changing  the  sampling  values  x,  on  the  comparison 
of  an  actual  distribution  function  to  an  analytical  model.  Fig.  1 
shows  a  plot  of  the  mean  squared  error  between  the  density 
function  (i.e.,  the  derivative  of  the  distribution  function)  cal¬ 
culated  from  magnitude  digitized  SAR  image  data  and  an  ana¬ 
lytical  model  for  different  sampling  values.  The  endpoints  of 
the  samples  x,  and  x,  are  kept  fixed,  but  the  number  of  samples 
is  varied  so  that  the  samples  themselves  fall  on  different  loca¬ 
tions.  The  horizontal  axis  in  Fig.  1  shows  the  different  number 
of  samples,  where  60  is  the  correct  value  which  causes  the  sam¬ 
ple  to  obey  (4).  Note  that  moving  off  of  this  value  just  a  small 
amount  causes  the  mean  squared  error  to  change  significantly— 
by  approximately  a  factor  of  five. 

The  sample  structure  in  (4)  is  only  necessary  if  the  SAR  mag¬ 
nitude  values  are  integerized.  For  one  of  the  data  sets  described 
in  Section  IV  this  is  not  the  case;  the  integerization  occurs  much 
earlier  in  the  image-formation  process  and  changes  in  the  sam¬ 
ple  structure  have  an  insignificant  effect  on  the  Kolmogorov  sta¬ 
tistic.  In  addition,  calculating  (2)  for  the  sample  structure  in  (4) 
can  be  very  time  consuming  if  the  data  set  contains  a  large  num¬ 
ber  of  values.  An  approximate  test  can  be  performed  which  is 
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much  less  time  consuming  by  not  testing  evety  unique  integer 
value  but  rather  skipping  evety  9th  integer,  where  q  is  de¬ 
cided  by  the  user.  This  test  is  more  liberal  than  the  original,  its 
Kolmogorov  statistic  will  be  less  than  or  equal  to  the  original 
Kolmogorov  statistic.  For  this  paper  we  always  set  q  —  1 . 

In  summary,  the  comparison  algorithm  we  use  for  the  SAR 
data  is  as  follows:  First  choose  a  sample  structure  based  on 
either  (4)  or  some  subset  of  these  values  based  on  a  computa¬ 
tional  requirement.  Calculate  the  data  distribution  function 
Fs(x)  using  (1)  for  these  samples,  and  calculate  the  candidate 
distribution  function  F(x)  for  the  same  samples.  Calculate  the 
Kolmogorov  statistic  using  (2)  and  compare  it  to  the  threshold 
calculated  for  the  5%  significance  level.  If  the  Kolmogorov  sta¬ 
tistic  is  below  the  threshold,  the  candidate  model  is  accepted  as 
a  suitable  distribution  of  the  samples. 


III.  Analytical  Models 

A  large  number  of  possible  candidate  distributions  for  SAR 
clutter  has  been  proposed  over  the  past  decade;  the  most  pop¬ 
ular  being  gamma,  inverse  Gaussian,  and  lognormal  distribu¬ 
tions.  Instead  of  picking  yet  another  candidate,  we  base  our 
choice  on  the  flexibility  of  the  function  to  fit  higher  order  mo¬ 
ments  of  the  data.  This  choice  is  motivated  by  previous  work 
[15],  which  indicates  that  cluster  plots  of  width  versus  modified 
skewness  calculated  from  SAR  image  data  provided  a  good  seg¬ 
mentation  of  ice  type;  thus  we  want  a  distribution  model  which 
can  easily  incorporate  these  moments.  If  we  define  m  as  the 
mean  value  of  the  data,  and  /i*  as  the  kth  moment  about  the 
mean,  then  the  width  w  and  modified  skewness  g '  are  defined 
as 

w  =  (M2/m2)  (5) 

8'  =  (6) 

We  use  the  modified  skewness  g  ',  as  opposed  to  skewness  g, 
in  order  to  incorporate  the  parameter  m  into  the  definition,  since 
we  know  a  priori  that  the  mean  value  of  the  SAR  images  is 
significant  in  classifying  ice  types. 

It  is  instructive  to  view  the  various  distribution  functions  in 
( w,  g')  space.  Fig.  2  shows  the  curves  that  result  from  plotting 
(*v,  g')  for  a  set  of  five  common  distribution  functions;  note 
that  each  function  generates  a  one-dimensional  curve.  The  uni¬ 
form  and  Gaussian  curves  lie  on  top  of  each  other  in  Fig.  2, 
since  both  are  horizontal  lines  at  g '  *=  0.  Since,  as  mentioned 
above,  we  want  a  distribution  model  whose  moments  match 
those  of  the  data,  we  can  use  Fig.  2  to  choose  a  model  by  plot¬ 
ting  the  ( w,  g ' )  ordered  pair  calculated  from  the  data  onto  Fig. 
2  and  determining  which  curve  is  closest. 

Unfortunately,  the  curves  in  Fig.  2  do  not  change  with 
changes  in  the  parameters  of  the  various  functions;  if  a  data 
point  does  not  lie  near  any  of  the  curves,  it  is  not  adequately 
described  by  any  of  these  density  functions.  Further,  as  the  data 
values  move  around  in  (w,  g')  space,  the  functional  form  of 
the  distribution  model  changes  as  the  value  gets  near  to  each  of 
the  individual  curves. 

What  is  desired  therefore  is  a  distribution  model  which  can 
cover  some  region  of  (tv,  g')  space  by  changing  only  the  pa¬ 
rameters  of  the  model.  This  characteristic  allows  it  to  fit  any 
data  (w,  g')  point  without  changing  its  functional  form.  Such 
a  model  is  the  beta  function  which  can  be  expressed  in  modified 


Fig.  2.  Description  of  five  traditional  distribution  functions  in  width,  mod¬ 
ified  skewness  space.  Note  that  they  all  map  out  a  one-dimensional  curve. 


0'  and  standard  0  forms,  whose  densities  are  defined  as 
sTfa  4-  b )  [&r]a~ 1 

r(a)r(b)[l  +  sxY*b' 

0  £  x  <  00,  a,  b,  >  0  (7) 

rr(a  +  f>)[sr]-'[l  -  st]*-1 
r(a)r(b) 

OStS  1,  a,  b  >  0  (8) 

where  5  is  a  scale  parameter,  and  a,  b  are  shape  parameters.  We 
describe  the  density  functions  because  there  is  no  direct  expres¬ 
sion  for  the  distribution  functions.  It  can  be  shown  that  there  is 
a  one-to-one  map  between  ordered  parameters  (a.  b )  from  (7) 
and  ( w,  g’)  points  above  the  line  g'  -  2 tv,  tv  >  0.  Similarly, 
there  is  a  one-to-one  mapping  between  (a.  b)  in  (8)  and  (tv. 
g ’)  points  between  the  lines  g '  *  2tv  and  g '  =  tv  -  1 .  tv  >  0. 
Note  that  from  Fig.  2  the  gamma  distribution  function  covers 
the  line  g '  =  2 w,  and  the  modified  beta  function  in  (7)  goes  to 
the  gamma  function  in  the  limit  as  the  parameter  b  goes  to  neg¬ 
ative  infinity  for  the  a  parameter  finite.  (In  addition,  the  stan¬ 
dard  beta  in  (8)  also  goes  to  the  gamma  as  b  goes  to  infinity,  a 
being  finite.)  Thus  we  can  cover  the  admissible  region,  w  >  0, 
g'  >  (w  -  1 ),  of  the  (tv,  g')  plane  with  the  two  beta  distri¬ 
bution  models  in  (7)  and  (8)  if  we  consider  the  gamma  function 
as  a  special  case  of  (7)  or  (8). 

We  observe  that  SAR  returns  from  hard  targets  can  be  ade¬ 
quately  described  by  the  standard  beta  distribution,  since  their 
corresponding  pairs  (tv,  g')  lie  between  the  lines  g'  *  2w  and 
g' m  w  -  1  [16],  whereas  all  of  the  clutter  scenes  that  we  ob¬ 
serve  lie  above  or  on  the  g'  *  2tv  line,  thus  indicating  that  they 
can  be  described  by  a  modified  beta  function.  We  show  in  Sec¬ 
tion  V  that  the  modified  beta  function  does  in  fact  describe  clut¬ 
ter  from  a  large  range  of  ice  targets. 

IV.  Calculating  The  Model  Parameters 

Having  described  the  procedure  for  comparing  sample  distri¬ 
butions  with  an  analytical  distribution  in  Section  II,  and  having 
motivated  the  modified  beu  model  in  Section  III,  our  remaining 
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problem  is  to  calculate  the  parameters  s,  a.  b  to  use  in  the  mod¬ 
ified  beta  model  for  a  given  sample  of  SAR  data.  As  mentioned 
in  Section  III.  we  believe  that  the  power  of  the  modified  beta 
model  is  its  ability  to  cover  the  upper  portion  of  ( w.  g  ’ )  space. 
To  exploit  this  power  we  can  use  a  moment-matching  algorithm 
to  generate  values  of  s,  a.  b  such  that  the  analytical  function 
has  the  same  mean,  width,  and  modified  skewness  as  the  data. 
If  we  let  h-  and  g'  represent  the  width  and  modified  skewness 
calculated  from  the  SAR  data  values  and  introduce  an  inter¬ 
mediate  parameter  p  for  convenience  as 

/>-(*'+  2)/(2w  -  g')  (9) 

then  the  value  of  a  for  both  the  modified  and  standard  beta  dis¬ 
tribution  that  generates  the  correct  values  of  w,  g'  is 

a  =  (p  -  1  )/(pw  +  1 )  (10) 

and  the  values  for  b  are 

b  =  2  -  p  (11) 

for  the  modified  beta  distribution,  and 

b  =  pwa  ( 12) 

for  the  standard  beta  distribution.  The  parameter  s  then  scales 
the  data  so  that  the  mean  values  match  correctly.  Letting  m  rep¬ 
resent  the  mean  of  the  data,  we  have 

s  =  a/(m[b  -  1])  (13) 

for  the  modified  beta  distribution  and 

s  =  a/(m[a  +  6])  ( 14) 

for  the  standard  beta  distribution.  Equations  (10)  through  (14) 
allow  us  to  calculate  values  for  either  the  modified  or  standard 
beta  distribution  parameters  that  give  them  the  same  mean, 
width,  and  modified  skewness  as  the  SAR  data  values. 

However,  the  main  goal  is  to  provide  a  model  that  accurately 
describes  the  distribution  function  of  the  SAR  data,  and  the 
method  of  moments  described  above  can  often  fail  in  that  goal 
because  of  the  high  sensitivity  of  the  measured  values  (w,  g') 
to  large  or  small  values  in  the  data  set.  This  sensitivity  can  skew 
the  entire  distribution,  causing  it  globally  to  be  a  poor  repre¬ 
sentation  of  the  data,  although  the  specific  moments  will  still 
match.  Note  that  this  sensitivity  does  not  necessarily  invalidate 
our  claim  for  the  power  of  the  modified  beta  function  (i.e.,  that 
it  can  cover  the  admissible  portion  of  the  (w,  g')  plane),  but 
rather  is  indicative  of  the  fact  that  the  values  of  w  and  g '  cal¬ 
culated  from  the  data  can  be  poor  estimates  of  the  ‘'actual” 
values  of  w  and  g'  of  the  underlying  random  variable.  Our  so¬ 
lution  to  this  problem  has  been  to  develop  an  iterative  algorithm 
which  estimates  the  values  of  a,  b  that  minimize  the  Kolmo¬ 
gorov  statistic  for  a  given  data  set.  A  simple  procedure  that  we 
have  found  to  work  well  starts  by  estimating  a  large  interval, 
within  which  the  a  parameter  will  fall  and  a  similar  large  inter¬ 
val  for  the  b  parameter;  we  used  [0,  10)  for  both.  This  square 
is  then  unifotmly  sampled  with  an  8  by  8  grid,  and  the  resultant 
Kolmogorov  statistic  for  each  point  in  the  grid  is  calculated. 
The  location  of  the  minimum  Kolmogorov  value  is  found  and 
new  intervals  for  both  a  and  b  are  generated  by  taking  one  grid 
spacing  on  either  side  of  the  minimum  location;  the  procedure 
is  then  repeated.  We  find  that  three  iterations  are  usually  suffi¬ 
cient  to  find  the  values  of  a  and  b  which  minimize  the  Kolmo¬ 
gorov  statistic.  If,  during  the  procedure,  the  minimum  grid 


location  is  on  the  edge  of  the  grid,  then  the  entire  grid  is  moved 
over  to  cover  the  adjacent  area  and  the  procedure  started  over, 
since  this  indicates  that  the  minimum  point  was  outside  of  the 
original  interval. 

Our  parameter  estimation  procedure  is  thus  to  estimate  s.  a. 
b  initially  by  using  (10)  through  (14).  If  this  estimate  passes  the 
Kolmogorov  test,  we  are  done.  If  it  does  not  pass,  then  we  ap¬ 
ply  the  iterative  algorithm  to  re-estimate  s.  a.  b  and  then  re¬ 
apply  the  Kolmogorov  test. 

V.  Data  Results 

We  test  the  modified  beta  model  on  three  separate  data  sets. 
The  first  is  taken  from  SAR  data  collected  with  the  Canadian 
Intera  Star-2  system  over  the  Marginal  Ice  Zone  during  the 
MIZEX'87  experiment  using  X-band  with  VV  polarization.  The 
data  have  a  resolution  of  approximately  5  m  and  are  processed 
with  7  looks.  Samples  of  varying  sizes  are  extracted  from  the 
images  over  known  areas  of  multiyear  ice  ( 11  subsets),  first- 
year  ice  ( 10  subsets),  and  odden.  which  represents  a  form  of 
very  new  ice  ( 11  subsets).  The  SAR  image  magnitude  values 
are  scaled  to  the  range  [0.  255  ]  and  integerized  so  that  we  must 
be  careful  in  selecting  the  samples  for  the  distribution  function 
as  discussed  in  Section  II.  The  second  data  set  is  taken  from  an 
NADC/ERIM  P3  SAR  collection  over  Alaska  using  C-band  and 
W  polarization.  These  data  have  a  resolution  of  approximately 
2  m  and  are  processed  with  4  looks.  Twenty  subsets  of  multi¬ 
year  and  20  subsets  of  first-year  ice  are  extracted  from  the  im¬ 
age  data  of  sample  size  40  by  40.  In  addition,  five  multiyear 
and  five  first-year  subsets  of  size  100  by  100  pixels  are  also 
extracted.  For  these  data  the  SAR  magnitude  values  are  scaled 
to  the  range  [0.  32767)  and  then  integerized.  This  sampling  is 
sufficiently  fine  so  that  changing  the  sample  stnjcture  of  the  dis¬ 
tribution  function  does  not  significantly  affect  the  results.  The 
final  data  set  is  taken  from  an  NADC/ERIM  SAR  collection 
over  open  water  using  L-band  data  with  both  HH  and  W  polar¬ 
ization;  84  subsets  of  size  100  by  100  are  extracted.  These  data 
also  have  a  resolution  of  approximately  2  m  and  are  processed 
with  4  looks. 

Tables  I— III  tabulate  the  results  of  the  analysis.  Six  distri¬ 
bution  function  models  are  tested  using  the  procedure  described 
in  Sections  II— IV  for  each  data  subset:  Gaussian,  uniform, 
gamma,  inverse  Gaussian,  lognormal,  and  modified  beta.  For¬ 
mulas  for  the  first  five  can  be  found  in  [17],  and  for  all  of  the 
models  a  moment-matching  algorithm  is  used  to  calculate  the 
model  parameters.  The  Gaussian  and  uniform  functions  never 
fit  any  data  samples,  and  we  do  not  consider  them  further.  Table 
I  shows  the  results  for  the  first  data  set.  For  each  ice  type  within 
the  data  set,  the  total  number  of  subsets  is  shown,  along  with 
the  number  of  those  subsets  which  pass  the  Kolmogorov  test  for 
each  of  the  remaining  four  distribution  function  models.  For  the 
lognormal  and  modified  beta  models  two  numbers  are  shown: 
the  first  is  the  number  of  subsets  which  pass  using  the  moment¬ 
matching  algorithm,  and  the  second  is  the  additional  number 
that  pass  using  the  iterative  algorithm  discussed  in  Section  IV. 
Because  of  computational  considerations,  we  use  the  iterative 
procedure  for  the  lognormal  and  modified  beta  functions  only, 
since  they  are  the  most  successful  models  using  the  method  of 
moment  matching.  Table  II  shows  the  results  for  the  second 
data  set,  both  the  40  by  40  and  100  by  100  subsets.  Table  III 
shows  the  results  for  the  final  data  set.  As  discussed  in  Section 
III.  for  the  results  in  Tables  I-III  we  take  the  gamma  to  be  a 
special  case  of  the  modified  beta  model  as  well  as  its  own  model. 
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TABLE  I 

Distribution  Model  Results  for  the  MIZEX  Ice  Data 


Ice  Type 

Total 

Number 

Gamma 

Inverse 

Gaussian 

Lognormal 

Modified 

Beta 

First  Year 

10 

8 

3 

1/3 

8/2 

Multiyear 

11 

0 

2 

7/3 

5/5 

Odden 

11 

0 

7 

2/8 

10/0 

TABLE  II 

Distribution  Model  Results  for  the  Alaska  Ice  Data 


Ice  Type 

Total 

Number 

40  x  40  SUBSETS 

Inverse 
Gamma  Gaussian 

Lognormal 

Modified 

Beta 

First  Year 

20 

0 

16 

20/0 

6/14 

Multiyea 

20 

1 

13 

19/1 

16/4 

100  x 

100  SUBSETS 

Total 

Inverse 

Modified 

Ice  Type 

Number 

Gamma 

Gaussian 

Lognormal 

Beta 

First  Year 

5 

0 

0 

0/0 

0/4 

Multiyear 

5 

0 

0 

0/0 

0/4 

TABLE  III 

Distribution  Model  Results  for  the  Open-Water  Data 


Ice  Type 

Total 

Number  Gamma 

Inverse 

Gaussian 

Lognormal 

Modified 

Beta 

Open  Water 

84  8 

0 

0/10 

81/3 

The  first  conclusion  we  note  from  Tables  ’-III  is  that  the 
modified  beta  function  adequately  describes  the  data  in  162  of 
the  total  166  subsets.  The  lognormal  and  inverse  Gaussian  func¬ 
tions  describe  only  73  and  41  subsets,  respectively,  out  of  the 
entire  set.  Secondly,  we  note  that  when  the  data  set  contains  a 
small  number  of  samples  (as  in  the  40  by  40  samples  in  Table 
II)  and  thus  a  larger  amount  of  error  allowable  in  the  distribu¬ 
tion  function  description,  then  the  lognormal  and  modified  beta 
functions  both  adequately  describe  the  data,  with  the  inverse 
Gaussian  a  close  second.  But  as  the  sample  size  increases,  which 
implies  that  the  allowable  error  in  describing  the  distribution 
function  decreases,  then  the  modified  beta  function  continues 
to  describe  the  data  adequately  (although  with  the  iterative  pro¬ 
cedure  becoming  necessary),  whereas  the  lognormal  no  longer 
does.  Also,  we  note  that  as  sample  size  becomes  larger,  the 
iterative  procedure  for  estimating  the  model  parameters  be¬ 
comes  essential,  since  the  probability  of  having  a  very  large  or 
very  small  value  in  the  sample  is  very  high,  and  this  skews  the 
distribution  estimate  when  using  the  moment-matching  ap¬ 
proach. 

All  of  the  distribution  models  tested  are  two  parameters 
models,  whereas  the  modified  beta  is  a  three  parameter  model. 
There  do  exist  three  parameter  forms  for  both  the  lognormal  and 
inverse  Gaussian  distributions  where  the  third  parameter  is  es¬ 
sentially  a  shift  parameter,  but  when  we  implement  these  forms 
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the  results  are  actually  worse  than  with  the  two  parameter  ver¬ 
sions.  This  result  indicates  that  it  is  not  simply  the  freedom  of 
three  parameters  in  the  modified  beta  model  that  gives  it  its 
power,  but  rather,  as  discussed  in  Section  III.  what  those  three 
parameters  represent.  We  believe  that  this  is  still  a  fair  com¬ 
parison,  because  we  are  not  stating  that  some  form  of  a  lognor¬ 
mal  distribution  model  would  not  fit  the  data  as  well  as  the 
modified  beta.  Rather,  we  are  comparing  the  modified  beta 
model  to  the  commonly  used  lognormal  and  gamma  models  to 
determine  if  the  modified  beta  is  better. 


VI.  Classification  Results 

Although  the  main  thrust  of  this  paper  is  in  developing  a 
model  for  the  distribution  function  of  SAR  images,  we  believe 
it  is  useful  to  present  some  general  comments  on  using  this 
model  for  ice-type  classification  to  determine  if  it  shows  any 
promise  in  that  direction.  We  have  not  attempted  to  develop  an 
actual  ice  classification  algorithm,  since  we  believe  it  to  be  out¬ 
side  of  the  scope  of  the  paper.  Rather,  we  have  analyzed  some 
of  the  trends  in  the  beta  distribution  parameters  as  a  function  of 
ice  type  and  provide  some  general  comments  as  to  the  classifi¬ 
cation  ability  of  these  parameters. 

Since  the  modified  beta  model  adequately  describes  the  clut¬ 
ter  statistics  for  the  different  ice  types  tested  in  the  previous 
section,  any  ice  classification  algorithm  which  uses  only  the  sta¬ 
tistics  of  the  scene  should  work  equally  well  using  only  the  pa¬ 
rameters  of  the  modified  beta  function  for  each  file.  In  other 
words,  if  the  density  model  is  accurate,  then  the  modified  beta 
parameters  are  a  sufficient  description  of  the  statistics  of  the 
scene.  Since  our  data  sets  are  not  calibrated  between  each  other, 
or  even  within  one  set.  we  cannot  use  for  segmentation  any 
parameters  which  are  sensitive  to  scale  factors,  so  the  parameter 
s  is  eliminated  from  consideration.  However,  the  parameters  a 
and  b  are  insensitive  to  scale  factors,  so  we  consider  their  utility 
in  segmenting  the  ice  types.  Fig.  3  shows  a  scatter  plot  of  the 
parameter  b  (which  is  displayed  in  a  dB  scale  to  handle  more 
easily  the  range  of  values)  versus  the  parameter  a  for  the  four 
ice  types  within  the  data  sets:  Open  water,  first-year,  r.ultiyear. 
and  odden.  We  indicate  on  the  plot  a  linear  division  of  a.  b 
space  based  on  the  clustering  of  the  data  points,  and  label  the 
ice  type  and  collection  name  for  each  area. 

The  first  thing  to  note  about  Fig.  3  is  that  although  it  does 
provide  a  segmentation  of  the  data,  there  is  no  real  separa'  ion 
among  the  clusters;  the  distance  between  any  two  clusters  is 
much  smaller  than  the  width  of  the  cluster.  This  lack  of  suffi¬ 
cient  cluster  separation  indicates  that  the  specific  linear  seg¬ 
mentations  shown  in  Fig.  3  are  not  robust  and  may  not  work 
for  any  other  data  set.  Further,  note  that  the  same  ice  types  from 
different  collections  occur  in  drastically  different  locations  on 
Fig.  3;  again  indicating  that  a  simple  clustering  of  the  param¬ 
eters  a  and  b  would  change  for  each  collection  and  thus  not  be 
a  reliable  classification  algorithm.  This  multiplicity  of  ice-type 
locations  is  most  likely  due  to  differences  in  resolution  between 
the  collections,  since  for  large  values  of  the  b  parameter  the 
modified  beta  function  becomes  essentially  a  gamma  distribu¬ 
tion,  which  indicates  that  the  images  are  essentially  pure  spec¬ 
kle  fields  without  any  features.  Thus  generally  speaking,  as  the 
b  parameter  increases,  the  details  of  the  scene  are  decreasing. 
This  property  is  indicated  in  Fig.  3  by  the  differences  between 
the  first-year  ice  samples;  for  the  higher  resolution  Alaska  col¬ 
lection  the  first-year  ice  contained  more  details  and  hus  has 


IEEE  TRANSACTIONS  ON  GEOSCIENCE  AND  REMOTE  SENSING.  VOL  29  NO  2.  MARCH  1991 


282 


B  (d8) 

Fig.  3.  Classification  results  for  four  different  ice  types  and  three  different 
collections  using  the  modified  beta  parameters. 

lower  values  of  the  b  parameter  than  the  lower  resolution 
MIZEX  data.  Note  that  the  multiyear  ice  subsets  have  essen¬ 
tially  the  same  value  for  the  b  parameter,  indicating  no  decrease 
in  image  details  with  the  decrease  in  image  resolution.  In  ad¬ 
dition.  differences  in  the  number  of  looks  used  in  processing 
the  SAR  images  would  cause  the  data  to  move  around  in  Fig. 
3.  In  general,  the  a  parameter  tracks  the  number  of  looks,  and 
this  is  indicated  by  the  MIZEX  data,  with  7  looks,  generally 
having  larger  values  of  a  than  the  Alaska  data,  with  only  4  looks. 
Obviously,  if  the  beta  distribution  is  to  be  used  as  the  basis  of 
a  classification  scheme  for  ice  images,  the  specific  relationships 
between  the  parameters  a,  b  and  the  SAR  sensor  parameters  and 
physical  ice  properties  would  need  to  be  developed  beyond  the 
general  comments  here. 

What  is  encouraging  about  Fig.  3.  however,  is  that  it  shows 
any  segmentation  at  all,  since  the  parameters  used  are  scale- 
factor  invariant.  This  segmentation  ability  means  that  the  SAR 
image  data  do  not  have  to  be  calibrated  either  absolutely  (i.e., 
put  into  terms  of  radar  cross  section)  or  even  relatively  to  one 
another.  Previous  works  indicate  that  the  dominant  segmenting 
capability  of  SAR  image  data  comes  from  the  mean  value  [  10], 
[11],  which  squires  that  the  data  be  calibrated.  Since  calibra¬ 
tion  is  often  difficult  in  actual  SAR  systems,  it  is  interesting  to 
^peculate  whether  a  robust  classification  algorithm  could  be  de¬ 
rived  from  the  beta  distribution  parameters  that  would  maintain 
this  useful  property. 

VII.  Conclusions 

We  show  in  this  paper  that  the  modified  beta  function  pro¬ 
vides  an  adequate  and  versatile  model  for  the  distribution  func¬ 
tion  of  SAR  clutter  returns.  This  modeling  versatility  appears 
to  be  based  on  the  ability  of  the  modified  beta  function  to  cover 
the  admissible  portion  of  width,  modified  skewness  space, 
whereas  the  other  more  common  distribution  models  cover  only 
a  one-dimensional  curve  in  that  space.  We  describe  a  procedure 
for  calculating  the  parameters  of  the  modified  beta  function,  but 


it  is  in  no  sense  optimal,  in  that  it  does  not  assure  that  the  re¬ 
sultant  Kolmogorov  statistic  is  minimal:  it  merely  attempts  to 
find  a  set  of  parameters  that  allow  the  data  sample  to  pass  the 
Kolmogorov  test.  This  procedure  is  sufficient,  however,  to  gen¬ 
erate  a  distribution  model  for  a  vast  majority  of  SAR  images 
drawn  from  four  different  ice  types.  We  show  also  that  the  sec¬ 
ond  most  successful  distribution  model  tested,  the  lognormal, 
is  able  to  describe  only  a  small  portion  of  the  data  sets. 

From  the  modified  beta  function  parameters  we  show  that  the 
two  scale-factor  invariant  parameters  a  and  b  can  be  used  to 
segment  the  ice  types  in  the  test  set  successfully,  although  the 
resultant  segmentation  regions  may  not  work  for  a  different  data 
set.  However,  we  do  show  that  it  may  be  possible  to  segment 
SAR  images  without  requiring  calibrated  data,  and  that  result 
would  be  useful  enough  to  warrant  further  effort  in  this  ap¬ 
proach. 

We  believe  that  our  analysis  indicates  that  the  modified  beta 
function  should  be  included  with  any  candidate  distribution 
models  for  SAR  clutter  and  that  it  can  be  more  successful  in 
fitting  SAR  data  than  other  existing  models.  It  may  thus  be  use¬ 
ful  to  generate  optimal  classification  algorithms  based  on  the 
modified  beta  function  to  determine  whether  they  perform  better 
than  the  current  set  of  algorithms. 
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ABSTRACT 

Oual  frequency  and  dual  polarization  synthetic 
aperture  raaar  (SAR)  data  of  the  Green  laid  Sea- 
f ram  Strait  marginal  Ice  zone  (MIZ)  was  collected 
in  tne  Sumner  of  1983  during  the  marginal  ice 
zone  experiment.  The  active  microwave  3-meter 
resolution  data  provide  synoptic  information  on 
a  wide  variety  of  ocean/ ice  interaction  phenomena 
including  eddy  formation,  gravity  waves,  and 
transition  of  ice  zones.  The  SAR  mosaics  col¬ 
lected  during  HIZEX  nave  also  Deen  used  to  pro¬ 
vide  quantitative  information  on  geophysical 
parameters  of  tne  MIZ  such  as  ice  kinematics, 
ice  concentration,  floe  si2e  distribution,  and 
ice  type. 

Keywords:  Synthetic  Aperture  Radar,  Marginal  I- 
Zone,  Ice  Kinematics,  Concentration,  Floe  Size 
Distribution,  Ice  Type 


1.  INTRODUCTION 

Synthetic  Aperture  Raoar  (SAR)  imagery  of  the 
Greenland  Sea  Marginal  Ice  Zone  (MIZ)  was  ob¬ 
tained  during  MIZE*  'S3  by  the  CCRS/ERIM  CV-580 
system.  Synoptic  data  coverage  of  the  experi¬ 
mental  area  show  a  wioe  variety  of  ocean/ ice  in¬ 
teraction  phenomena,  including  eddy  formation, 
gravity  waves  propagating  into  the  ice.  Hid  the 
transition  within  the  MIZ  from  wave-broken  floes 
to  pack  ice.  In  addition,  the  data  set  provides 
quantitative  information  on  geophysical  param¬ 
eters  sucn  as  ice  kinematics,  ice  concentration, 
floe  size  distributions,  and  ice  type.  This 
paper  discusses  the  manual  and  digital  techniques 
used  to  derive  this  information  from  tne  data  and 
tne  results  obtained. 

2.  SAR  DATA  COLLECTION 

Tne  CW-S80  SAR  system  (Ref.  I)  consists  of  a 
dual-wave  length,  dual-polarization  SAR  that  si- 
m l taneous ly  images  at  *-  and  L-band  (3.2  and 
23. 5  cm  wavelengths,  respectively),  or  at  *-  and 
C-bano  (S.3  cm).  The  SAR  is  hi  active  microwave 
sensor  designed  to  image  to  earth's  surface  In  a 
sioe-looking  mooe.  Unlike  passive  imaging  sys¬ 
tems,  imaging  radars  provide  their  own  source  of 
illumination  and  can  therefore  control  the  fre¬ 
quency,  polarization,  and  direction  of  the  inci¬ 
dent  energy.  When  operated  m  the  I  to  30  cm 
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wavelength  region,  raaars  are  relatively  free  of 
tne  effects  of  atmospheric  absorption  due  to 
clouds,  rain,  and  moisture  that  limit  imaging  in 
the  visible  and  infrared  bands.  SARs  use  pulse 
compression  techniques,  as  do  other  radars,  to 
produce  imagery  with  fine  resolution  in  tne  range 
coordinate,  but  use  the  synthetic  aperture  tech¬ 
nique  to  acmeve  fine  cross-range  resolution. 
Imagery  collected  with  this  system  typically  has 
a  resolution  of  3  m  independent  of  range. 

In  general,  SAR  imagery  gives  an  indication  of 
surface  roughness  at  the  scale  of  the  wavelength, 
witn  bright  areas  in  the  images  representing  rel¬ 
atively  rough  surface  areas  with  high  backscatter 
cross  section,  and  darker  areas  representing  rel¬ 
atively  smooth  surfaces.  First-year  and  multi- 
v»*r  ice  are  generally  rougher  (and  brighter) 
i.n.vn  the  ocean  surface,  which  in  turn  can  be 
yj  .:er  due  to  wind-driven  capillary  waves  than 
;.k  or  new  ice.  Ouring  MIXEX  83.  the  CV-S80 
.  sineo  three  mosaics  of  the  experimental  area 
as  well  as  scatterometer  data  and  aerial  photog¬ 
raphy  as  weather  permitted.  A  location  map  of 
the  SAR  coverage  is  presented  in  Figure  1.  De¬ 
tails  of  the  data  collection  effort  can  oe  found 
in  Ref.  2. 

The  L-band  SAR  mosaic  of  the  experimental  area 
on  4  July  1983,  shown  in  Figure  2,  demonstrates 
how  radar  imagery  portrays  tne  general  character¬ 
istics  of  the  MIZ.  The  large  difference  in  back- 
scatter  return  from  ice  and  open  water  is  respon¬ 
sible  for  the  sharp  oemarkation  of  the  ice  edge. 
Given  the  known  geographical  location  of  the  re¬ 
search  vessel  in  the  area,  the  ice  edge  and  other 
features  can  be  located  to  within  *1  km  due  to 
navigational  uncertainty.  Spatial  variations  in 
ice  conditions  within  the  MIZ  are  exhibited  as 
tonal  and  textural  changes  in  the  SAR  imagery. 

The  banded  structure  in  tne  diffuse  ice  zone, 
the  very  homogeneous  region  of  consolidated  ice 
floes,  and  tne  relatively  abrupt  change  to  the 
much  less  homogeneous  region  of  much  larger  floes 
and  rubble  are  all  clearly  observed  in  tne  xosaic 
in  Figure  2. 

3.  ICE  KINEMATICS 

T«poral  variability  of  the  MIZ  was  also  recorded 
by  SAR  in  MIZEX  '83.  The  experiment  area  shown 
in  Figure  2  was  imaged  on  two  consecutive  mis¬ 
sions,  2  days  apart.  In  this  way,  it  was  posst- 
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Die  to  obtain  a  synoptic  record  of  the  coherent 
motion  of  features  in  the  MIZ  on  a  time  scale  of 
days.  The  two-dimensional  vector  field  repre¬ 
senting  ice  movement  between  4  July  and  b  July 
1983  is  snown  in  Figure  3.  These  are  movements 
of  recognizable  ice  features  which  persisted  in 
tneir  shapes  during  the  two-day  interval.  Sixty- 
seven  ice  features  were  identified  and  their 
positions  measured  on  transparent  image  film  in 
a  slant-range  representation.  Algorithms  were 
implemented  to  convert  these  measurements  to 
actual  distance  on  the  scene,  to  convert  these 
in  turn  to  latitude-longitude  coordinates,  and 
to  plot  automatically  the  vector  field  of  ice 
movement.  The  feature  coordinates  on  the  two 
days  were  based  upon  the  flight  altitude,  the 
inertial  navigation  system  data,  and  the  location 
of  tne  imageo  research  vessel,  wnich  was  fixed 
by  satellite  positioning.  Account  was  also  taxen 
of  tne  spherical  earth  geometry  in  which  the 
separate  N-S  flight  lines  maxing  up  the  data  are 
sxeweo  at  these  nigh  latitudes,  the  angle  between 
tnem  being  only  slightly  smaller  than  their  dif¬ 
ference  in  longitude. 

Examination  of  the  diagram  indicates  that  the 
area  was  subject  to  both  shear  and  defdrmation 
during  tms  period.  These  motions  are  consistent 
with  ARGOS  buoy  and  snip  displacements  shown  for 
comparison  in  Figure  3.  The  sources  of  the  ob¬ 
served  variation  in  ice  drift  in  the  area,  how¬ 
ever,  still  need  to  be  investigated  through  a 
careful  comparison  of  wind  and  current  data 
(Ref.  3)  with  the  SAR  imagery. 

4.  ICE  CONCENTRATION 

Estimates  of  ice  concentration  on  synoptic  scales 
have  to  date  been  obtained  from  aircraft  or  sat¬ 
ellite  passive  microwave  sensors  vRiich  base  their 
measurements  on  the  large  emissivity  differences 
between  open  ocean  and  sea  ice  (Ref.  4).  How¬ 
ever,  using  the  roughness  differences  between  sea 
ice  and  open  ocean  to  wnich  the  SAR  is  sensitive, 
it  appears  that  digital  SAR  data  can  also  be  ex- 
ploitea  to  obtain  accurate  ice  concentration  mea¬ 
surements.  Although  some  ambiguity  can  exist  be¬ 
tween  raoar  signatures  of  new  ice  and  relatively 
calm  open  water,  this  is  not  a  significant  prob¬ 
lem  for  tne  sunnier  conditions  of  MIZEX  '83. 

The  data  selected  for  initial  development  of  a 
SAR  ice  concentration  algorithm  consist  of  X-band 
imagery  obtained  on  II  July  of  an  area  in  the 
diffuse  ice  edge  zone  including  the  R/V 
Polarstern.  As  observed  in  Figure  4,  this  area 
snows  a  wide  variation  in  ice  concentration;  ice 
observers  gave  estimates  of  the  total  ice  concen¬ 
tration  for  this  area  of  1/10  -  4/10  with  7/10 
clusterings  (Ref.  S).  In  addition,  high- 
resolution  passive  microwave  imagery  over  the 
ship  was  obtained  almost  simultaneously  with  the 
SAR  data. 

A  contour  map  showing  SAR  estimates  of  total  ice 
concentration  for  the  area  is  presented  in 
Figure  S.  This  map  is  based  on  a  grid  of  esti¬ 
mates  generated  from  the  digital  data  for  areas 
approximately  S00  m  x  S00  m  (300  x  300  pixels) 
in  size.  Each  pixel  within  the  area  was  assigned 
to  either  an  ice  or  open  water  category  based  on 
its  bacxscatter  level.  The  threshold  level  be¬ 
tween  categories  was  determined  from  histograms 
of  small  areas  containing  only  ice  or  only  water. 
Although  no  aerial  photography  was  obtained  close 


enough  in  time  to  the  SAR  data  collection  to 
afford  comparison,  the  SAR  estimates  appear  to 
agree  with  the  general  estimates  given  by  ship- 
based  ice  observers.  A  comparison  with  the 
passive  microwave  imagery  results  (Ref.  6)  is 
presently  underway. 

5.  FLOE  SIZE  DISTRIBUTION 

The  size  distribution  of  ice  floes  in  the  MIZ  is 
also  an  important  geophysical  parameter.  Floe 
size  distribution  is  an  indication  of  the  oegree 
of  interaction  between  ocean  swell  and  the  pacX 
ice,  with  changes  in  the  distribution  represent¬ 
ing  changes  in  the  level  or  extent  of  this  inter¬ 
action.  Floe  size  distribution  as  a  function  of 
distance  from  the  ice  edge  is  therefore  one 
parameter  of  interest. 

The  role  of  SAR  in  obtaining  this  information  is 
a  complimentary  one.  Near  the  ice  edge  where  the 
raoar  signature  of  ice  floes  is  very  uniform,  SAR 
cannot  resolve  the  individual  floes  Oue  to  low 
contrast.  For  these  areas,  floe  size  distribu¬ 
tion  must  be  obtained  from  aerial  photography, 
if  available.  However,  farther  from  the  ice  edge 
within  the  less  homogeneous  region  containing 
vast  floes,  sampling  problems  can  arise  with 
aerial  photography  where  a  few  or  even  one  floe 
can  dominate  a  single  photo  frame.  But  at  this 
point,  single  floes  can  be  resolved  in  SAP 
imagery,  and  the  floe  size  distribution  informa¬ 
tion  obtained. 

This  comp li men tar ity  is  observed  in  the  coinci¬ 
dent  Hasselblao  aerial  photography  and  SAR  data 
obtained  by  the  CV-580  in  the  same  general  region 
as  shown  in  Figure  2.  At  approximately  40  Xm 
from  the  ice  edge,  the  aerial  photography  taxen 
from  420  m  altitude,  can  be  used  to  obtain  a 
representative  sample  of  ice  floes,  most  of  which 
are  between  10  and  100  m  in  size.  Only  10-20  Xm 
further  into  the  ice,  floes  500  m  in  size  and 
larger  appear  and  the  photography  no  longer  sup¬ 
plies  statistically  valid  samples.  For  the  re¬ 
gion  50-100  Xm  from  the  edge,  the  SAR  data  indi¬ 
cate  that  the  majority  of  floes  visible  are  be¬ 
tween  100  m  and  5  Xm  in  size.  70  m  floes  were 
the  smallest  detected  in  the  SAR  imagery. 

5.  DISCRIMINATION  OF  ICE  TYPE 

The  ability  of  SAR  to  discriminate  ice  types 
under  summer  conditions  is  a  primary  scientific 
question  for  the  MIZEX  remote  sensing  experiment. 
Under  winter  conditions,  it  has  been  shown  that 
X-band  data  provide  the  best  discrimination  be¬ 
tween  first-year  (FY)  and  multi-year  (MY)  ice 
(e.g..  Ref.  7).  To  investigate  this  question  for 
SAR  and  other  sensors,  one  floe  in  the  region  of 
vast  floes  north  of  the  drift  ship  was  extensive¬ 
ly  surface-truthed  during  MIZEX  '83  (Ref.  8). 

This  floe  included  portions  of  first-year  and 
multi-year  ice  with  snow  cover  of  various  depth 
and  wetness. 

Backscatter  scans  taken  from  digital  I-  and 
L-band  SAR  imagery  of  this  floe  are  shown  in 
Figure  6.  Each  point  in  the  scan  represents  the 
average  backscatter  from  a  30  m  x  30  m  area. 

These  scans,  presented  in  dB  above  the  open  water 
return,  show  some  of  the  features  characteristic 
of  the  floe.  The  backscatter  dips  in  both  X-  and 
L-band  at  4  km  are  indicative  of  an  area  with 
increased  water  content  and  in  this  case 
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corresponding  to  a  melt  pond.  The  «ide  dip  in 
L-band  at  1.25  Km  is  not  d  prominent  fedture  dt 
X-bana,  suggesting  thdt  this  dree  is  smooth  dt  d 
25  cm  scdle.  Out  rough  dt  d  3  cm  scale.  Surfdce 
ooservdtions  indicate  that  this  is  an  area  of  FY 
ice  with  a  2  cm  layer  of  firn  on  the  surface 
(Ref.  9).  The  X-band  signal  backscatters  from 
the  rough  firm  surface,  resulting  in  a  moderately 
strong  return,  whereas  the  L-band  signal  pene¬ 
trates  the  firm  ano  undergoes  absorption  and/or 
specular  scattering  at  the  snow/ ice  interface. 
Preliminary  analysis  of  tne  surface  data  (Ref. 

8)  indicates,  as  do  these  scans,  that  discrimin- 
able  ice  classes  in  the  radar  data  do  not  corre¬ 
spond  to  the  usual  ice  types,  but  to  degrees  of 
wetness  and  snow  cover. 

6.  SUMMARY 

This  paper  has  shown  that  quantitative  informa¬ 
tion  on  important  geophysical  characteristics  of 
the  MI2  can  be  derived  from  SAR  data.  The  sen¬ 
sitivity  of  SAR  to  differences  in  roughness  can 
be  used  to  obtain  ice  concentration  and  floe  si2e 
information  as  well  as  provide  a  synoptic  picture 
of  tne  detailed  structure  of  the  MIZ.  The  algo¬ 
rithms  ano  results  presented  here  represent  only 
tne  first  attempt  at  fully  utilizing  the  SAR  data 
set.  Validation  and  further  development  of  SAR 
algorithms  through  comparison  with  other  sensors 
is  currently  underway. 
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Figure  1.  Location  map  showing  SAR  coverage  ob¬ 
tained  during  MIZEX  83. 


Figure  2.  SAR  mosaic  of  the  MIZEX  experiment 

area  on  4  July  shows  the  major  feature 
of  the  MIZ  at  this  time:  the  alterna¬ 
tion  of  diffuse  and  compact  ice  edges, 
the  homogeneity  of  the  region  of 
50-100  m  floes,  and  the  abrupt  transi¬ 
tion  to  a  less  homogeneous  region 
containing  floes  up  to  6  km  across. 
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Vector  field  of  ice  mova«ent  derived 
from  successive  SAR  images  indicates 
deformation  and  shear  in  the  ice  dur¬ 
ing  a  89  hour  Interval  between  8  and 
6  July.  Motions  of  four  Argos  buoys 
®  and  Polarbjorn  are  also  shown. 


Figure  5.  Ice  concentration  estimates  derived 
from  the  SAR  data  shown  in  Figure  8. 


Figure  8.  Digitally-processed  X-band  SAR  image 
obtained  11  July  1983  served  as  the 
basis  for  developing  a  SAR  ice  concen¬ 
tration  algorithm. 
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Figure  6.  Backscatter  scans  derived  from  digital  SAR  data  of  12-mile  floe  where  extensive  surface  ob¬ 
servations  were  made.  Intensity  values  represent  average  backscatter  from  a  30  x  30  m  area 
relative  to  return  from  open  water. 
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Experimental  microwave  sensors  on 
both  the  Nimbus  and  Seasat  satellites 
have  shown  that  many  important  ice 
parameters  can  be  measured  on  both  global 
and  regional  scales.  The  Nimbus-7 
Scanning  Multichannel  Microwave 
Radiometer  (SMMR)  has  provided  the 
longest  time  series  to  date  of  global  sea 
ice  concentration  and  age  at  a  relatively 
coarse  spatial  resolution,  while  our 
experience  with  the  Seasat  Synthetic 
Aperture  Radar  (SAR)  has  provided  high 
spatial  resolution  information  on 
regional  ice  dynamics  and  ice  floe 
characteristics,  with  the  upcoming 
launch  of  ESA's  ERS-1  and  the  next  DMSP 
satellite,  imagery  over  large  areas  will 
be  available  from  both  the  relatively 
high  resolution  SAR  and  the  Special 
Sensor  Microwave  Radiometer  (SSMI)  on  the 
DMSP  satellite.  Coincident  coverage  by 
these  two  systems  offers  a  unique 
opportunity  to  combine  global  active  and 
passive  microwave  data  and  perhaps  to 
obtain  high  resolution  estimates  of  ice 
concentrations . 

A  previous  study  of  ice 
concentrations  derived  from  single 
frequency  active  and  passive  microwave 
imagery  taken  with  aircraft  sensors 
during  the  1984  Marginal  Ice  Zone  • 

Experiment  (MIZEX)  showed  that  the 
estimates  from  these  sensors  agreed  to 
within  15%  [1].  For  these  summer 
marginal  ice  zone  data  it  was  found  that 
the  primary  cause  of  discrepancy  was  the 
variation  in  ice  signatures  within  a 
single  scene.  This  effect  was  greatest 
for  the  active  sensor,  in  this  case  a  10 
GHz  SAR.  The  SAR  image  statistics  for  an 
entire  scene  showed  little  bimodality  due 
to  the  broad  ice  intensity  distribution 
resulting  from  variations  in  surface 
conditions  (wot  and  dry  snow  cover)  and 
speckle  noise,  although  local  areas 
showed  good  ice/water  discrimination. 

The  19  GHz  radiometer  imagery,  on  the 
other  hand,  showed  a  distinct  bimodal 
distribution.  Broading  of  the  two  peaks 
was  primarily  due  to  the  coarser 
resolution  of  this  sensor,  although 


variations  in  ice  surface  characteristics 
also  had  an  effect.  The  effect  of  these 
variations  on  the  calculation  of  ice 
concentration  contribute  to  an 
uncertainty  of  25%  of  the  mean. 

In  the  present  study,  we  examine  in 
much  greater  detail  the  effect  of 
variations  in  ice  surface  characteristics 
on  the  ice  concentration  calculation  in 
an  effort  to  determine  how  the  active  and 
passive  data  could  be  optimally  combined. 
Conditions  in  the  coincident 
active/passive  microwave  aircraft  data 
set  under  consideration  include  ice  floes 
with  wet  and  dry  snow  cover  and  both 
heavily  ponded  and  ridged  surfaces. 
Emphasis  is  on  the  dual-polarized, 
multifrequency  passive  microwave  sensors 
and  the  single-channel  SAR  as  these  will 
be  the  types  of  satellite  systems 
available  in  the  near  future. 

In  contrast  to  the  19  GHz  scanning 
microwave  radiometer,  the  aircraft 
dual-polarized  multifrequency  radiometers 
termed  the  Advanced  Multichannel 
Microwave  Radiometer  ( AMMR )  were 
fixed-beam  sensors  measuring  both 
horizontally  and  vertically  polarized 
radiances  at  18  and  37  GHz.  The  AMMR 
algorithm  calculated  both  total  sea  ice 
concentration  and  multiyear  ice 
concentration  using  ratios  of  radiances 
for  the  purpose  of  reducing  errors 
incurred  by  variations  in  the  physical 
temperature  of  the  ice.  Specifically, 
the  radiance  ratio  used  in  the  algorithm 
is  the  polarization  defined  by: 

PR  ■  (TBv-TBh ) / ( TBv+TBh ) 


where  TBv  and  TBh  are  respectively  the 
observed  microwave  brightness 
tumpuiatures  at  vertical  and  horizontal 
polarization.  PR  may  be  defined  for  both 
18  GHz  and  37  GHz.  The  other  ratio  is 
the  spectral  gradient  ratio  defined  by: 


GR  •  (TB(37v)-TB( 18v) )/(TB(37v)+(TB( 18v) ) . 
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A  key  advantage  of  using  these  specific 
ratios  is  that  they  are  almost  orthogonal 
in  the  sense  that  variations  in  PR 
reflect  mostly  changes  in  ice 
concentration  and  are  largely  independent 
of  ice  type,  whereas  variations  in  GR 
reflect  mostly  changes  in  ice  type.  The 
algorithm  is  discussed  in  detail  by 
Cavalieri  et  al.  [2]  and  further  by 
Gloersen  and  Cavalieri  [3]. 

Variations  in  ice  type  and  in  ice 
surface  conditions  have  the  following 
multispectral  characteristics.  Under 
winter  conditions  (dry  and  cold  snow 
covered  ice),  the  microwave  emission  for 
first-year  ice  is  almost  independent  of 
frequency,  but  that  for  multiyear  ice 
decreases  with  increasing  frequency. 

Also,  the  difference  between  the 
emissivities  at  vertical  and  horizontal 
polarization  is  much  larger  for  calm  open 
water  than  for  either  ice  type.  In 
contrast,  under  summer  conditions  (wet 
snow  covered  ice),  the  microwave  emission 
is  high  at  all  frequencies  regardless  of 
ice  type.  The  emissivities  of  both 
multiyear  and  first-year  ice  resemble 
that  for  winter  first-year  ice  making  the 
differentiation  of  ice  types 
indeterminate.  Thus,  surface  conditions, 
not  ice  type,  dominate  the  microwave 
signatures  during  summer.  The  advantage 
of  the  AMMR  algorithm  is  that  variations 
in  ice  surface  characteristics  may  be 
accommodated  in  calculating  sea  ice 
concentrations,  at  least  to  the  extent 
that  these  variations  appear  to  the 
algorithm  as  variations  in  the  relative 
proportion  of  first-year  and  multiyear 
ice  types.  In  the  case  where  there  is 
substantial  ponding,  the  algorithm  will 
of  course  underestimate  the  ice 
concentration.  An  example  of  this  latter 
situation  is  provided  by  the  case  where 
this  algorithm  gave  a  maximum 
concentration  of  only  62%  over  a  large 
multiyear  floe.  Examination  of  aerial 
photography  shows  melt  ponds  forming  over 
a  large  portion  of  the  floe,  and  both 
PRT-5  and  longer  wavelength  SAR  data 
indicate  melting  and  large  areas  of  water 
saturated  snow  cover. 

Examination  of  SAR  intensity  data  at 
both  1  GHz  and  10  GHz  indicates  that  in 
contrast  to  the  1  GHz  data,  the  10  GHz 
data  are  much  less  sensitive  to  ice  type 
and  surface  condition  variations,  both 
wetness  and  ridging.  Mean  intensity 
values  were  calculated  for  images  of  six 
different  floe  surfaces  including 
first-year  ice,  wet  and  dry  snow  cover  on 
smooth  multiyear  ice  and  multiyear  ice 
with  ridges,  and  heavily  deformed 
multiyear  ice.  The  1  GHz  means  showed  a 
standard  deviation  of  11  dB  versus  1  dB 
for  the  10  GHz  means.  However  intensity 
variations  in  the  10  GHz  image  data  do 
exist  and  affect  ice  concentration 
estimates  [1J.  Work  is  underway  to 


determine  if  the  1  GHz  data  r  _ui  be  used 
as  an  indicator  for  wet  floes  in  both  the 
10  GHz  SAR  imagery  and  the  passive  data. 
Detailed  comparisons  of  the  ice 
concentration  estimates  from  both  the  SAR 
and  AMMR  have  also  been  carried  out. 
Looking  at  SAR  estimates  for  1/2  km 
subareas  within  areas  of  6  km2  or 
greater,  we  find  that  for  passive 
microwave  estimates  over  the  entire  area 
of  50%  and  greater,  the  majority  of  SAR 
subarea  estimates  are  greater  than  the 
passive  AMMR  estimate,  and  that  for  AMMR 
estimates  of  less  than  50%,  tire  majority 
of  the  SAR  subarea  estimates  are  less 
than  the  AMMR  estimate.  This  is 
primarily  a  result  of  the  higher 
resolution  of  the  SAR  system,  but  the 
role  of  surface  signature  variations  in 
this  trend  is  being  examined.  Further¬ 
more,  in  contrast  to  the  single  channel 
passive  microwave  concentration 
estimates,  the  AMMR  algorithm  showed  less 
variability  which  may  have  resulted  in 
part  to  its  ability  to  accommodate  ice 
type  variations,  but  also  in  part  to  its 
lower  spatial  resolution  [lj. 

The  relationship  between  the 
variability  of  SAR  intensity  and  that  of 
the  passive  microwave  estimate  of  ice 
concentration  for  coincident  scenes  is 
also  being  investigated.  Specifically, 
we  are  exploring  the  use  of  the  passive 
sensor  estimates  of  ice  concentration  for 
determining  an  effective  ice  tie-point  in 
the  linear  algorithm  for  the  single¬ 
channel  SAR  data.  Once  the  tie-point  is 
sufficiently  specified,  ice  concentration 
could  be  calculated  on  a  pixel-by-pixel 
basis  thereby  taking  advantage  of  the 
higher  resolution  of  the  SAR  system. 

These  results  are  compared  to  the 
performance  of  the  multichannel  passive 
microwave  algorithm  and  the  single 
channel  SAR  algorithm  used  alone. 
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Over  the  past  several  years  research 
on  SAR  sea  ico  imagery  has  locnsetl  on 
determing  whether  information  on  ire 
field  parameters,  including  ice  type,  ice 
concentration,  density  and  sines  of 
leads,  and  floe  sine  distribution,  could 
be  obtained  from  the  SAR  data.  This 
research  has  shown  promising  results  and 
produced  an  extensive  SAR  signatnte  data 
base  as  well  as  rudimentary  algorithms 
for  obtaining  these  parameters,  with  the 
advent  of  operational  SAR  satellite 
systems,  it  becomes  even  more  important 
to  develop  this  capability  to  monitor  ice 
conditions  in  the  Arctic  in  support  of 
navigation,  exploitation,  and  clima¬ 
tology.  Therefore  the  focus  of  the  sar 
research  has  now  shifted  to  the  develop¬ 
ment  of  efficient  automatic  and  almost 
real-time  algorithms.  In  this  paper  we 
present  an  overview  of  the  progress  made 
in  the  development  of  these  algorithms. 

The  approaches  taken  to  construct 
algorithms  for  deriving  the  various  sea 
ice  parameters  are  summarised  in  Table  I . 
The  two  key  elements  in  these  approaches 
are  image  segmentation  and  statistical 
analysis  in  either  the  image  or  Fourier 
domain.  For  example,  an  algorithm 
developed  to  derive  lead  statistics 
segments  the  image  based  on  the 
difference  in  intensity  between  ice  and 
open  water,  and  then  uses  characteristics 
of  the  autocorrelation  of  the  segmented 
image  to  obtain  lead  dimensions,  spacing 
and  density  (l).  As  indicated  in  Table 
1,  algorithms  for  ice  type,  ice 
concentration,  and  lead  statistics  nr" 
using  primarily  fully  digital  approaches, 
whereas  ice  kinematics  and  floe  size 
distribution  algorithms  at  present  still 
rely  heavily  on  a  combination  of  manual 
interpretation,  to  arrive  at  the 
segmented  image,  and  computer  analysis  of 
the  manually  derived  image  data.  Fully 
digital  approaches  for  these  two  sea  ice 
parameters  are  being  pursued  in  parallel. 
Algorithms  have  yet  to  be  developed  for 
determination  of  ridge  statistics  or  ice 
thickness  from  SAR  data,  of  the  possible 
approaches  listed  in  Table  1,  many  would 


m •«!:«.  uee  of  *  he  phase  nr  we  |  |  nr  t  lie 
iiHeurity  i  n  f  o|  mat  i  oil  >'«utainei|  in  Ml1’ 

SAR  signal,  allowing,  for  example,  i re 
f|„e  morion  io  be  derived  on  the  basis  of 
the  peppier  shift  imparted  to  the 
te turned  signal. 

The  progress  made  to  date  on 
.|»<.|.|..|i,ne|,t  of  digital  CAP  sen  ice 
.  i  I  *  i'  *r  i  *  |, me  ir  etiimnn  r  ized  in  Table  7. 

lie,o  -..e  consider  four  stages  in  algorithm 
I  epinent :  1)  understanding  of  the 

physical  basis  for  deriving  the  sea  ice 
parameter;  2)  translation  of  that 
understanding  into  a  mathematical  model; 
i)  implementation  of  the  mathematical 
moriej  into  a  computer  algorithm;  and  4) 
validation  of  the  algorithm. 

The  physical  basis  for  deriving  most 
of  the  sea  ice  parameters  from  SAP  data 
is  the  large  contrast  between  radar  cross 
sections  of  ice  and  open  water  [2,3). 

This  characteristic  alone  is  a  sufficient 
basis  for  lead  and  floe  size  distribution 
•' ud  total  ir;c  concentration  algorithms  in 
mo  t  imaging  situations  (1,4,5).  For  ice 
type  discrimination  and  fractional 
concentration  algorithms,  additional 
information  is  required.  Local  image 
texture^ and  the  statistics  of  SAR 
intensity,  which  have  been  shown  to  be 
useful  in  discriminating  floes  of 
different  ice  types  and  degrees  of 
d”f  oi  mat  ion  [*>,/),  have  been  exploited 
for  the^e  algorithms.  Doth  ice/water 
contrast  and  texture  within  floes  are 
used  as  the  basis  for  ire  kinematics 
algorithms  involving  manual 
interpretation  (4),  but  to  date  the 
digital  algorithms  make  use  of  the 
textural  characteristics  of  the  entire 
"Tim  such  as  linear  features  anti 
persistent  patterns  [8,9).  In  the  case 

><f  deriving  ridge  st.it  irties,  we  do  not 

•as  yet  completely  understand  kite  physical 
mechanism  for  SAP  imaging  of  ridges 
making  it  difficult  to  generalize  ridge 
signal ures  in  a  way  that  could  be 
gu.ant  i  f  i eg .  Ice  thickness  is  the  extreme 
r-are  •■here  it  is  not.  known  if  SAR  can 
piovide  thi9  information. 


A  major  step  in  algorithm  development 
is  the  transition  from  the  physical  basis 
to  a  mathematical  model  and  its 
implementation  in  a  digital  algorithm. 

At  this  step  it  is  to  some  extent 
necessary  to  quantify  the  methodology  of 
a  human  interpreter  in  such  a  way  that 
the  method  can  be  implemented  within  a 
computer  architecture.  For  iro/w.iinr  ami 
ice  type  discrimination,  the  mathematical 
model  consists  of  a  hierarchy  of 
intensity  and  texture  measures  associated 
with  the  various  scene  components.  These 
descriptive  measures  are  generated  from 
the  SAR  and  scatterometer  signature  data 
bases  and  account  for  both  natural' 
variations  in  ice  surface  conditions  and 
speckle-related  variations.  An  algorithm 
is  then  implemented  that  compares  local 
image  statistics  to  these  measures.  At 
this  stage  segmented  images  can  be 
obtained  (i.e.  ice  type  or  ice 
concentration  maps)  (10,11).  Subsequent 
processing  is  needed  for  floe  size  and 
lead  statistics.  Fourier  transform 
techniques,  specifically  the 
characteristics  of  the  autocorrelation 
function,  have  been  found  useful  for 
obtaining  lead  orientation  and  density 
information,  but  less  useful  for  floe 
size.  For  floe  size  determination,  a 


mathematical  model  must  still  be 
determined  that  will  quantify  boundary 
information  efficiently.  Pattern  recog¬ 
nition  type  techniques  are  beinq 
investigated  for  this  purpose  and  for  ice 
kinematics  algorithms  since  shape  and 
context  information  are  so  important  in 
manual  interpretation  of  SAR  imagery. 
Tli.-oo  man  ipu  I  at  i  one  may  bo  facilitated  by 
i.lm  use  of  para  1  le  l -  pi  licensor  computer 
frameworks  such  as  that  of  the  ERIM  cyto- 
computer  ( 12 ) . 

Algorithm  validation,  i.e.  comparison 
with  independent  measures  of  the  sea  ice 
parameter  of  interest,  has  been  carried 
out  for  the  ice  type,  ice  concentration, 
and  lead  distribution  algorithms  only. 

The  ice  type  and  lead  distribution 
algorithms  have  been  exercised  on  single 
SAR  scenes  for  which  ice  surface 
observations  were  available.  The  ice 
concentration  has  been  the  most 
extensively  validated  by  comparing 
concentration  estimates  to  those  derived 
from  near -s imu  1  taneous  passive  microwave 
data  and  aerial  photography  (11),  but 
under  summer  MIS  conditions  only.  back 
of  sar  imagery  with  sufficient  spatial 
and  seasonal  coverage  is  at  present  a 
limiting  factor  in  validation  efforts. 


Table  1.  SAR  Sea  Ice  Algorithm  Approaches 


Sea  Ice 
Parameter 

Current 

Algorithm  Aoproaches 

Possible 

Algorithm  Approaches 

Ice  Type 

Image  Segmentation 
-pixel  intensity 
-neighborhood  texture 

Mu  1 1 i var i ate 
Complex  Data 

Ice  Concentration 

Image  Segmentation 
Statistical  Analysis 
Fourier  Analysis 

Combination  with 
Passive  Data 

Lead  Distribution 

Image  Segmentation 
+  Autocorrelation 

Complex  Data 

Ice  Kinematics 

Manual  Interpretation 
♦  Compnter-qenorated 
vector  fields 

Pattern  Recognition 
+  Autocorrelation 

Single  and  Multiple 
Frame  Doppler 
Analysis 

Floe  Size 
Distribution 

Manual  Analysis 

Computer-generated 

satistics 

Pattern  Recognition 

Ridge  Statistics 

Edge  Detection 

Ice  Thickness 

? 

Table  2. 


Progress  on  Digital  SAR  sea  Ice  Algorithms 


Sea  Ice 
Parameter 

Physical  Basis 
Understood 

Mathematical 

Model 

Algorithm 

Implemented 

Algor  i  thin 
Validated 

Ice  Type 

yes 

yes 

yes 

limited 

Ice  Concentration 

yes 

yes 

yea 

summer  on ly 

Lead  Distribution 

yes 

yes 

yes 

limited 

Ice  Kinematics 

yes 

und*r 

development 

under 

development 

no 

Floe  Size 
Distribution 

yes 

no 

no 

no 

Ridge  Statistics 

no 

no 

no 

no 

Ice  Thickness 

no 

no 

no 

no 

ACKNOWLEDGEMENTS 

This  work  was  supported  by  the  office, 
of  Naval  Research  (ONR)  under  contract 
NO.  N00014-81-0295.  The  technical 
monitor  for  this  contract  is  Mr.  Charles 
Luther. 


REFERENCES 

1.  Lyden  JDS  Shuchmnn  R  A  1907,  a 
Digital  Technique  to  Estimate  Polynya 
Characteristics  from  Synthetic 
Aperture  Radar  Sea  Ice  Data,  J. 
Glaciology  (in  press). 

2.  Gray  A  et  al.  1982,  Simultaneous 
scatterometer  and  radiometer 
measurements  of  sea- ice  microwave 
signatures,  IEEE  J.  Oceanic  Eng.. 

OE-7 «  20-32. 

3.  Onstott  R  G  S  Gogineni  S  P  198S, 
Active  Microwave  Measurements  of 
Arctic  Sea  Ice  Under  Summer 
Conditions,  J.  Gcophvs.  Res..  90. 
5035-5044. 

4.  Burns  B  A  et  al.  1985,  Computer- 
Assisted  Techniques  for  Geophysical 
Analysis  of  SAR  Sea-Ice  Imagery, 

Proc.  I9th  Int.  Symp.  Rem.  Sensing. 
Ann  Arbor,  MI,  947-959. 

5.  Fily  M  6  Rothrock  0  1985,  Extracting 
Sea  Ice  Data  from  Satellite  SAR 
Imagery,  IGARSS'85,  Amherst,  MA. 

6.  Lyden  J  D,  Burns  BAS  Maffrtt  A  L 
1984,  Characterization  of  Sea  Ire 
Types  Using  Synthetic  Aperture  Radar, 
IEEE  Trans.  Goose.  Rem.  Sensing. 
GE-22.  431-439. 


7.  Burns  n  A  *  I.yr*»nga  D  R  1984, 

T"x»-ural  Analysis  ar.  a  SAR 

c I  nan i f  ient  ion  Tool, 

Electromagnetics,  4^  309-322. 

8.  Curlander  J  C,  Holt  B  8  Hussey  K  J 
1985,  Determination  of  Sea  Ice  Motion 
Using  Digital  SAR  Imagery,  IEEE  J. 
Oceanic  Eng.,  QE-10,  358-367. 

9.  Verterky  J  F  et  nl.  1906,  Automated 
P*»mo |- n  Sensing  of  Sea  ice  Using 
Synthetic  Aperture  Radar,  ftoc. 

1GAI1S5  *  1)6 .  Zurich,  127-132. 

10.  Ilolines  0  A,  Huesch  D  R  8  Shuchman  R  A 
19R4,  Textural  Analysis  and  Real -Tim" 
Classification  of  Son- Ice  Types  Using 
Digital  SAR  Data,  IEEE  Trans.  Geosc ■ 
Rem.  Sensing,  GE-22 .  113-120. 

11.  Purus  n  A  et  al.  1904,  SAR 
Measurements  of  Sen  Ice  Properties 
During  .MtZEX*03,  Proc.  ICARSS'84. 
Strasbourg,  347-351. 

12.  I .ougliee, |  R  M  6  McCut’brey  D  t.  1980, 

The  Cytocomputer :  A  Practical 
Pipelined  linage  Processor,  Proc.  7th 
Int.  Sym.  Computer  Architecture. 

13.  Burns  P  A  et  al.  1987,  Multisensor 
Comparison  of  tee  Concentration 
Estimates  in  the  MIZ,  J.  Gcophvs. 

Res . ,  ( in  press ) . 


ioai-ic>o  ttti  fcainourgn 
IEEE  #  88CH2497-6 
Vol  I,  pg.  425-428 


SEA  ICE  TYPE  CLA5SII' ICAI  ION  01  SAP  IHAljLIlY 


C.C.  Wackerman,  R.R.  Jent2,  and  R.A.  Shuchmin 


Radar  Science  laboratory 
Advanced  Concepts  Division 
Environmental  Research  Institute  of  Michigan 
Ann  Arbor,  HI  48107  USA 


ABSTRACT 

Fully  automatic  algorithms  have  been  developed 
which  can  produce  sea  ice  type  classification  maps 
and  sea  ice  concentration  estimates  of  synthetic 
aperture  radar  (SAR)  Imagery.  The  sea  Ice  type 
classification  algorithm  uses  local  statistics  to 
determine  fee  type  boundaries,  and  the  ice 
concentration  algorithm  iteratively  decomposes  the 
histogram  into  Ice  and  water  histograms.  The 
algorithms  have  been  used  on  both  simulated  imagery 
and  actual  SAR  Imagery  gathered  during  the  1984  and 
1987  Marginal  Ice  Zone  Experiments  (MIZEX).  The 
results  will  be  compared  with  ground  truth  data 
gathered  during  MIZEX  '87. 

Keywords:  SAR,  Sea  Ice  Type  Classification,  Sea 
Ice  Segmentation,  Sea  Ice  Concentration,  Local 
Statistics,  Histogram  Decomposition 


1.  INTRODUCTION 

By  the  turn  of  the  century  large  amounts  of  SAR 
Imagery  of  the  polar  regions  will  be  available. 

This  data  will  come  from  a  series  of  satellites: 
ERS-1,  RAOARSAT ,  EOS,  and  possibly  a  Japanese  ERS. 
Also,  currently  being  planned  is  the  SAR  Alaska 
Station  which  will  t>e  able  to  rapidly  produce  SAR 
images  using  data  from  these  satellites.  These 
hlgh-resolution  images  will  contain  geophysical 
information  of  value  to  researchers,  ship 
navigation,  and  offshore  drilling  platforms  which 
include  Ice  concentration  estimates  (the  percentage 
of  sea  ice  to  open  water  within  a  given  area),  ice 
floe  size  distributions,  open  water  lead  locations, 
and  Ice  type  classification  maps.  The  tremendous 
amounts  of  imagery  which  will  be  produced  suggests 
the  need  for  automatic  and  near  real-time 
processing  algorithms  to  acquire  the  desired 
geophysical  information. 


Acquiring  this  information  could  be  made  easier 
by  first  generating  a  sea  ice  type  classification 
map.  Unfortunately,  many  different  Ice  types  exist 
within  the  polar  region,  and  the  ability  to 
distinguish  between  them  Is  still  an  unsolved 
problem  (Ref.  1).  The  biggest  obstacle  In  such  a 


class!  t ication  is  the  presence  of  multiplicative 
noise  (due  to  the  coherent  nature  of  the  sensor) 
ttiat  causes  large  overlaps  between  the  returns  from 
different  sea  Ice  types.  Ibis  makes  any 
segmentation  map  generated  from  a  thresholding 
operation  very  grainy  and  causes  a  high  error  rate 
tn  classification  unless  some  noise  smoothing  Is 
done  first,  llius,  classifying  images  which  contain 
multiple  ice  types  is  very  difficult  with  a  simple 
thresholding  operation.  In  addition,  the  season  in 
which  the  imagery  Is  gathered  contributes  to  the 
difficulty  in  classification.  Many  Ice  types 
appear  identical  during  the  summer  months  when  the 
ice  is  melting,  as  opposed  to  the  winter  when 
subtle  changes  In  different  ice  types  are  apparent 
(Ref.  2).  Ilierefore,  any  classification  algorithm 
will  have  to  apply  different  algorithms  for 
different  seasons.  Some  examples  of  possible  ice 
types  Include  open  water  (no  Ice),  multiyear  Ice 
(ice  floes  which  have  survived  the  summer  melt 
season),  and  first-year  ice  (new  Ice  which  Is  much 
weaker  than  the  multiyear  Ice).  Eacli  of  these 
categories  can  be  reduced  even  further,  i.e., 
multiyear  ice  can  be  either  smooth  or  rough;  first- 
year  ice  can  be  thick  or  thin  relative  to  first- 
year  ice.  This  information  is  very  important  to 
ship  navigation  since  ships  can  operate  In  varying 
thicknesses  of  first-year  Ice.  It  is  also  useful 
to  offshore  drilling  operations  which  can  be 
Interrupted  by  the  presence  of  varying  sizes  and 
concentrations  of  multiyear  or  thick  first-year  Ice 
(Ref.  3). 

Algorithms  have  been  developed  at  ERIH  which 
begin  to  address  these  problems.  One  algorithm  is 
a  sea  ice  concentration  algorithm  which  will 
automatically  produce  the  percentage  of  sea  Ice  to 
open  water  within  a  given  reference  frame.  Ibis 
ice  concentration  algorithm  uses  the  tonal 
Information  contained  within  the  SAR  image  to 
produce  an  ice  to  water  estimate.  Also,  a  sea  Ice 
type  classification  algorithm  which  can 
automatically  discriminate  between  multlole  Ice 
types  within  a  given  reference  frame  has  been 
developed.  The  ice  segmentation  algorithm  uses  the 
local  tonal  information  to  locate  ice  type 
boundaries.  Local  histograms  will  be  bimodal  If 
the  area  contains  a  significant  number  of  pixels 
from  two  populations,  even  though  global  'mage 
histograms  will  be  uulmodal.  These  bimodal 
histograms  can  be  used  to  separate  the  local  area 
into  distinct  classes.  This  allows  for  the 
segmentation  of  images  which  contain  multiple 


I 


classes  without  any  prior  knowledge  of  the  number 
of  Ice  types  present  within  the  Image. 

2.  ICE  CONCEN  I  RATION 

The  ability  to  determine  the  percentage  of  sea 
Ice  to  open  water  Is  very  important  for  ship 
navigation,  offshore  drilling  platforms,  and  global 
climate  studies.  One  technique  for  generating  ice 
concentration  estimates  is  to  use  the  tonal 
information  contained  in  the  digital  SAR  images. 
This  would  be  a  simple  task  once  an  ice  type 
classification  map  was  produced.  Another  approach 
is  to  generate  a  concentration  estimate  directly 
from  the  image  without  performing  a  classification. 
The  algorithm  we  have  developed  uses  the  histogram 
of  thp  SAR  image  as  an  estimate  of  the  probability 
density  function  and  then  iteratively  decompose? 
this  function  into  ice  and  water  density  funct'ons. 
The  complex  SAR  image  contains  real  and  imaginary 
parts  which  can  be  considered  to  be  normally 
distributed  with  zero  mean  and  some  variance.  The 
magnitude  image  produced  from  a  complex  Image 
(i.e.,  SQRT[(real  part)  **  2  +  (imaginary  part)  ** 
2])  is  then  Rayleigh  distributed.  Note,  however, 
that  due  to  the  spatial  variation  of  scatters,  the 
magnitude  data  is  not  a  true  Rayleigh  distribution 
but  Is  "Rayleigh  like”.  Therefore,  a  magnitude  SAR 
Image  can  be  modeled  as  the  sum  of  two  Rayleigh 
distributions  representing  both  sea  ice  and  open 
water.  This  suggests  that  a  model  can  be 
constructed  which  fits  the  sum  of  two  Rayleigh 
density  functions  to  the  probability  density 
function  of  the  magnitude  SAR  image.  Tills  model 
can  be  constructed  with  a  scaling  parameter  a. 

This  scaling  parameter  would  then  represent  the 
percent  contribution  of  the  given  distribution 
function.  The  Ice  concentration  model  is  as 
follows: 


axir  -x2ir 
f(x)  * - r  exp  - - 

2mj*  4mj^ 


(1  -  a)xjr  -x2ir 


2m2^ 


exp  — - 

4m2‘ 


(1) 


Where 

x  «  the  SAR  image  pixel  value; 
f(x)  ■  probability  density  function  of 
the  SAR  image; 

ntj  »  the  mean  of  the  first  distribution 
(water); 

m2  *  the  mean  of  the  second 
distribution  (ice);  and 
a  *  the  percent  contribution  of  the 
first  distribution. 


This  model  uses  a  least-squares  fit  of  the  two 
Rayleigh  density  functions  to  the  SAR  Image 
histogram  and  determines  the  values  of  a,  mi,  and 
m2  that  minimizes  the  error.  The  probability 
density  functions  for  both  open  water  and  sea  ice 
can  now  be  separated,  and  (1  -  a)  is  the 
concentration  of  sea  ice  to  open  water  in  the  SAR 
image.  Figures  1  and  2  illustrate  results  of  this 
model  where  the  solid  line  represents  the 
probability  density  function  of  a  simulated  Image 
with  the  corresponding  means  and  concentrations 
shown,  the  dashed  line  represents  the  least-squares 
fit,  and  the  dotted  lines  represent  the  sea  Ice  and 
open  water  distributions.  In  Figure  l  the 
simulated  image  was  generated  with  an  open  water 
mean  of  25.0,  a  sea  Ice  mean  of  50.0,  and  a  of  .35. 
The  results  of  this  model  are  shown  as  mi  «  26.37, 
m2  *  50.18,  and  a  *  .349.  In  Figure  2  the 
simulated  imaae  was  generated  with  Identical  means 


lor  ii|i*mi  water  .mil  5o,i  jee  .mil  .1  value  of  ,f>5  lor 
a.  I  lie  results  from  this  tea  1 1  z.it  lor  .lie  shown  as 
in j  =  26. 4G,  m2  -  51. hi),  ,i i ii I  (i  -  .i,K  1.  I mm  llqnic': 

1  .Hid  2  we  can  see  that  the  concent  rat  ion  estimates 
generated  from  this  in- ><lc I  are  quite  good.  Since 
there  arc  only  three  unknown  parameters  in  the 
model  the  fit  can  be  performed  in  just  a  (ew 
iterations,  therefore,  the  time  needed  to  produce 
these  results  is  limited  to  the  time  it  takes  to 
generate  the  SAR  Image  histogram. 

3.  SAR  SEA  ICE  iYI’E  CLASS  IT  ICAI  ION 

As  explained  earlier,  the  histogram  of  a  SAP 
Image  will  display  a  "Rayleigh  like"  distribution. 
Ibis  distribution  Is  almost  always  unimodal  even 
when  Mic  image  contains  different  Ice  types.  Iluis 
thee  no  simple  method  for  an’  atlcally 
determining  threshold  allies  to  segment  the  Image. 
However,  local  histograms  that  are  taken  across  the 
boundary  of  two  ice  type?  often  display  bimodal 
characteristics  and  can  be  used  to  locate  such 
boundaries,  lliese  boundaries  can  then  be  used  to 
locally  separate  a  SAR  image  into  multiple  classes. 

The  local  tonal  Information  contained  within  a 
SAR  Image  can  be  exploited  by  sliding  a  relatively 
small  window  across  the  iii’-ic  and  computing  a 
histogram  of  the  area  boui  :-d  by  the  window.  This 
histogram  will  be  bimodal  if  the  local  area 
contains  a  significant  number  of  pixels  from  two 
populations.  Otherwise,  tire  hi stogram  wi  1 1  be 
unimodal  ami  the  statistics  of  the  histogram  can  be 
used  to  classify  tne  Ice  type.  As  the  local  window 
Is  moved  across  the  image  a  class  list  Is 
maintained  containing  the  corresponding  class 
statistics.  For  eacii  histogram  window,  the 
computed  class,  or  classes,  is  either  merged  with 
the  current  class  in  the  class  list  or  becomes  a 
new  entry  In  the  class  l*st.  Each  pixel  In  the 
histogram  window  is  assigned  the  class  number  which 
represents  its  statistics  stored  In  the  class  list. 
This  method  allows  for  the  automatic  segmentation 
of  digital  SAR  Images  without  any  prior  knowledge 
of  the  number  of  ice  types  within  the  image.  It 
also  helps  to  reduce  the  salt  and  pepper  appearance 
associated  with  a  global  thresholding  operation. 

Ibis  approach  makes  one  assumption:  that  a 
loral  window  may  contain  pixels  from  two 
populations  at  most.  This  will  hold  true  If  the 
local  window  remain;  sma.l,  but  it  must  also  be 
large  enough  to  produce  a  relatively  good 
histogram.  We  hav»  found  that  a  minimum  window 
size  of  20  X  20  pixels  still  produces  a 
sufficiently  good  histogram.  For  most  of  the  SAR 
data  we  have  worked  with,  this  corresponds  to  a  30 
square  meter  area  which  Is  relatively  small. 

The  bimodality  of  a  histogram  can  be  determined 
by  fitting  a  fourth  order  polynomial  to  the 
histogram  and  computing  the  loca1  extrema  of  the 
polynomial  within  the  histogram  interval.  The 
fourth  order  polynomial  will  closely  model  both  a 
unimodal  and  bimodal  histogram  if  the  hi'toqram 
does  not  contain  long  tails.  Oy  removing  l tic  tails 
of  the  histogram  and  forcing  the  polynomial  to  zero 
at  the  histogram  interval  endpoints  we  can  closely 
mode)  either  a  unimodal  or' bimodal  histogram.  This 
histogram  modification  is  done  by  clipping  the 
histogram  at  Its  5  percent  and  95  peicent 
cumulative  locations  and  appending  zciox  at  till’s? 
locations,  lltc  type  of  functional  fit  used  Is  a 
least-squares  fourth  order  polynomial  fit  to  the 
histogram.  This  functional  fit  produces  an 


analytical  expression  which  can  be  used  to  compute 
a  threshold  location  by  noting  the  two  conditions 

f'(x)  *  0  and  f"(x)  >  0  within  Interval  (2) 

f  ’  •  •  (x)  ■  0  and  f"(x)  >  0  within  interval  (3) 

where  x  Is  the  histogram  bin  value,  f,  f '  ’ ,  and 
f • ' ■  are  the  first,  second,  and  third  derivatives 
respectively  of  the  fourth  order  polynomial.  If 
condition  (2)  is  satisfied  then  the  histogram  Is 
bimodal  and  the  threshold  location  is  x,  otherwise 
condition  (3)  is  checked  for  an  Inflection  point. 

If  neither  conditions  (2)  nor  (3)  are  satisfied 
then  the  histogram  is  unimodal.  Figures  3  and  4 
illustrate  two  histograms  (solid  line),  the  fourtli 
order  polynomial  fit  (dotted  line),  and  the 
computed  threshold  location  (solid  bar).  Notice 
the  positions  of  the  threshold  location  found  by 
this  approach  in  Figure  41  The  threshold  locations 
are  then  used  to  separate  the  local  area  into  its 
two  distinct  classes.  Figure  5  shows  a  simulated 
image  containing  five  distinct  types  (top  left), 
the  segmentation  map  (top  right),  and  a  filtered 
segmentation  map  (bottom).  The  image  is  comprised 
of  188  X  188  independent  gaussian  distributed 
random  variables  with  the  given  means  and  standard 
deviations  shown.  The  interior  features  are  32  X 
32  pixels  in  size  and  the  local  window  used  was  28 
X  28  pixels.  The  segmentation  map  shows  the  five 
classification  types,  two  of  which  are  surrounded 
by  speckle.  Notice  that  the  classification  errors 
are  limited  to  a  given  distance  around  the  features 
and  are  only  present  around  boundary  locations  not 
internal  to  all  the  different  classification  types. 
This  distance  is  approximately  one-half  the  size  of 
the  local  histogram  window.  Note  also  that  the 
algorithm  has  found  all  five  classes  without  any  a 
priori  knowledge  of  the  number  of  classification 
types  present.  The  filtered  segmentation  map  at 
the  bottom  of  Figure  5  was  produced  by  running  a 
nearest  neighbor  filtering  algorithm  on  the 
segmentation  map.  This  filter  simply  looks  at  the 
nearest  neighbor  of  each  pixel  to  determine  if  the 
pixel  is  unique.  If  the  pixel  is  unique  then  it 
does  not  belong  In  the  neighborhood  and  is  replaced 
by  the  value  of  Its  neighboring  pixels.  Finally, 
for  comparison,  Figure  6  shows  the  histogram  of  the 
original  simulated  image.  Note  that  the  histogram 
is  unimodal  and  therefore,  it  would  be  difficult  to 
extract  threshold  values  to  segment  the  image. 


4.  CONCLUSION 

Two  fully  automatic  algorithms  which  produce  sea 
Ice  type  classification  maps  and  sea  Ice 
concentration  estimates  of  digital  SAR  imagery  have 
been  presented.  The  sea  ice  concentration 
algorithm  iteratively  decomposes  the  image 
histogram  into  open  water  and  sea  ice  histograms 
and  produces  a  concentration  estimate,  lhe  sea  ice 
type  classification  algorithm  uses  local  statistics 
to  determine  Ice  boundary  locations  and  then  uses 
this  edge  information  to  find  a  local  threshold 
value.  The  algorithm  can  segment  Images  which 
contain  multiple  classes  while  at  the  same  time 
reducing  the  grainy  appearance  associated  with 
globally  threshoided  images.  Both  algorithms  have 
been  demonstrated  on  simulated  imagery  with  good 
results.  Results  from  these  algorithms  run  on  SAR 
images  gathered  during  both  the  1984  and  1987 
MIZEX,  along  with  ground  truth  data  gathered  during 
MUEX  '87  will  be  presented. 
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Figure  1.  Sea  ice  concentration  model. 
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Figure  3.  Plot  of  image  histogram  (solid 
line),  and  the  fourth  order 
polynomial  fit  (dashed  line). 


Figure  5.  Example  of  sea  ice  type 
Classification  algorithm. 
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Figure  4.  Plot  of  image  histogram  (solid 
line),  the  fourth  order  poly¬ 
nomial  fit  (dashed  line),  and 
the  computed  threshold  location 
(solid  bar). 
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Figure  6.  Histogram  of  original  Image 
shown  in  Figure  5. 
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ABSTRACT 

X-band  (HH)  synthetic  aperture  radar  (SAR)  data  of 
sea  Ice  collected  In  March  and  April  1987  during  the 
Marginal  Ice  Zone  Experiment  (MIZEX)  was  statistically 
analyzed  with  respect  to  discriminating  open  water, 
first-year  Ice,  multiyear  Ice  and  Odden.  Odden  Is 
large  expanses  of  nllas  Ice  that  rapidly  form  In  the 
Greenland  Sea  and  transforms  Into  pancake  Ice.  A 
first  order  statistical  analysis  Indicated  that  mean 
versus  variance  can  segment  out  open  water  and  first- 
year  Ice,  and  skewness  versus  modified  skewness  can 
segment  the  Odden  and  multiyear  caf agorlcs.  In 
addition  to  first  order  statistics  a  model  has  been 
generated  for  the  distribution  function  of  the  SAR  Ice 
data.  Segmentation  of  Ice  types  was  also  attempted 
using  textural  measurements.  In  this  case,  the 
general  co-occurrency  matrix  was  evaluated.  The 
textural  method  did  not  generate  better  results  than 
the  first  order  statistical  approach. 

4 

I.  INTRODUCTION 

Active  microwave  measurements  were  made  of  various 
sea  Ice  forms  In  March  and  April  1987  during  the 
Marginal  Ice  Zone  Experiment  (MIZEX).  The  microwave 
measurements  were  made  at  1,  5,  ,10,  18,  and  35  GHz 
using  a  ship-based  scatterometer  and  aircraft  mounted 
synthetic  aperture  radar  (SAR).  The  SAR  measurements 
were  made  at  9.8  GHz,  horizontal  transmit  and  receive 
polarization. 

The  sea  Ice  forms  present  In  the  Greenland  Sea 
MUtX  operations  area  Included:  open  water;  open  water 
with  grease  Ice  streamers;  new  Ice  (5-8  cm  thick); 
first-year  Ice  (20-40  cm  thick);  first-year  Ice  with 
rubble  (.60-1.5  m  thick);  and  multiyear  Ice  (2-4  m 
thick).  Large  expanses  (200,000  km2)  of  new  nil  las 
sea  ice  (5  cm  thick)  forms  In  the  Greenland  Sea  as  a 
result  of  oceanographic  upwelllng  of  cold  water 
interacting  with  cold  «  -10*c)  northerly  polar  winds. 
This  rapid  Ice  formation  Is  referred  to  as  the  Odden 
and  Is  discussed  In  Ref.  [1].  The  nllas  transitions 
into  pancake  floes  (10-15  cm  thick)  due  to  continued 
growth  and  wave  action. 

The  scatterometer  data  were  used  to  validate  the 
SAR  backscatter  values  obtained  at  10  GHz. 
Additionally,  the  scatterometer  data  extended  the  SAR 
sea  ice  type  classification  to  C-  and  l-band 
frequencies  In  order  to  predict  the  performance  of  the 
SAR  Instruments  to  be  flown  on  the  European,  Canadian, 
and  Japanese  SAR  satellites. 

NASA  Is  presently  building  a  satellite  receiving 
station  in  Fairbanks,  Alaska  that  will  collect  and 
process  In  near  real-time  SAR  data  from  these 
satellites  that  will  be  launched  In  the  next  5-7 


years.  The  SAR  facility  will  contain  a  geophysical 
processor,  a  dedicated  computer  that  will  utilize  the 
'  roccsscd  SAIl  data  to  provide  sea  Ice  concent:  at  Ion, 

Ice  type,  and  kinematics  Infoimallon.  the  tll/rx  'B7 
data  although  It  was  collected  at  X-band  (Mil)  oilers  a 
unique  opportunity  to  develop  and  evaluate  algorithms 
that  can  be  Implemented  on  the  geophysical  processor. 

As  reported  In  ref.  (?J,  the  radar  backscatter 
response  between  X-band  (IIH)  and  C-band  ( VV)  Is  very 
Similar. 

Ibis  SAR  analysis  Included  the  gen««all<in  of 
standard  statistics  ( 1 . e . ,  mean,  siandaid  deviation, 
variance,  skewness,  and  kurtosls),  within  areas  that 
were  Intensively  "sea  t  milled"  by  scientists  operating 
from  the  M/V  TOLAR  CIRCLE.  In  addition  to  the 
standard  statistics  generated  from  the  SAR  data 
several  probability  distributions  were  evaluated  to 
describe  the  various  Ice  types  present  within  the  SAR 
scene,  these  distributions  Include:  uul  I  mm,  gamma, 
Gaussian,  inverse  Guasslan,  lognurmil,  and  modi  I  led 
Beta,  it  is  postulated  that  such  distributions  can  he 
used  to  lurthcr  dl f (ei  nit  late  Ire  types  (particularly 
first-year  ice  with  rubble),  lhe  distributional 
analysis  has  suggested  that  the  SAR  sea  Ice  data  arc 
best  fitted  by  gonna  and  lognormal  (and  sometimes 
Inverse  Gaussian)  distributions  and  that  these 
distributions  may  prove  useful  In  differentiating  all 
Ice  types  present  within  the  MIZEX  SAR  scenes. 

The  use  of  textural  methods  (l.e.,  higher  older 
statistics)  were  also  evaluated  with  respect  to 
differentiating  lhe  Ire  sea  Imr.  piesrnl  In  the  MI71X 
SAR  data  set.  Ihc  genet  a  I  co-occurtencc  matrix  was 
used  and  found  to  generate  very  similar  results  to  the 
mean  ami  standard  deviation  analysis. 

In  this  paper,  we  will  first  describe  the  M|7f<  ’87 
SAR  data  set  and  then  discuss  four  cases  of  sea  ir» 
fotms  that  were  selected  lor  lhe  statlsllral  analysis. 
The  statistics  results  will  then  be  picscnlcd. 

2.  DA  I A  STIS 

HI 71 X  'R7  III  the  Gieenlaud  and  Itaients  Vcas 
combined  observations  fnim  ln,lh  i  emote  sens  lug  and  Jn 
situ  data  collections  to  piovlde  an  Integrated 
approach  to  lhe  Study  of  winter  maiglnal  ice  zone 
(HI7)  conditions.  rav«*i.ible  weather  pet  mi  I  led  t9 
consecutive  days  of  SAR  rove, age  and  Held  (>|ie,  at  Inns. 
The  SAR  system,  with  Us  high  resolution  (IS  *  IS  m), 
clarity  of  Image  and  teal-lime  availahllHv,  pmved  to 
be  a  powerful  and  efficient  tool  to  aid  In  lhe 
planning  and  tallying  mil  nl  Held  e.p.-i  im-nl  s . 

M|/|X  was  the  ||, internal  loin  I  e*p«i  in-  nt  hiving 
dally  SAR  envetage  will,  iral-llme  Image,  y  I  i„ke.| 


to  the  ships  in  the  field.  Tills  imagery  was  used  on¬ 
board  POLAR  CIRCLE  to  identify  areas  of  interest  such 
as  the  location  of  the  ice  edge,  eddies,  and  ocean 
fronts.  The  ship  would  then  proceed  to  the  SAR 
identified  areas  to  collect  sea  truth.  The  data  was 
also  used  to  select  sites  for  detailed  active  and 
passive  microwave  measurements  and  characterization  of 
physical  and  electrical  properties  of  the  Ice  and 
snow,  in  addition  to  being  down-linked,  the  SAR  data 
was  recorded  on-board  the  aircraft  on  high  density 
digital  tapes. 

During  MIZEX  *87,  two  Intera  SAR  equipped 
aircrafts;  STAR-1  and  STAR-2  were  deployed  to  collect 
ice  edge  imagery.  These  missions  are  described  in 
refs.  13-4] .  The  Intera  STAR-1  and  S1AR-2  systems  are 
X-band  (9.8  GHz)  radars  that  transmit  and  receive  with 
horizontal  polarization.  Table  1  summarizes  the 
parameters  of  both  systems  while  Figure  1  Indicates 
the  imaging  geometries.  Figure  2  is  a  representative 
mosaic  covering  a  445  x  195  km  area  of  the  MIZ.  On 
the  X-band  SAR  data,  bright  tones  on  the  image 
represent  multiyear  ice  while  the  darker  tones  are 
various  stages  on  young  ice.  The  blackest  signatures 
on  the  Image  are  open  water.  The  SAR  mosaic  was 
Interpreted  using  a  hybrid  manually  assisted  digital 
technique  to  provide  the  interpretation  key  shown  in 
Figure  3.  Note  that  the  ice  type  and  concentration 
information  is  obtainable  from  tills  data  based  on 
tonal  signatures. 
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For  this  study, 

the  generic  ice  types  present 

within  the  test  site  were  divided  Into  four 
categories.  These  Included:  open  water;  first-year 
ice;  multiyear  ice;  and  the  areas  termed  Odden  (l.e., 
nilas  and  pancake).  These  four  ice  types  represent 
Ice  thickness  Intervals  that  are  accepted  product 
outputs  of  the  Alaska  geophysical  processor. 


Figure  1.  Viewing  Geometry  for  SIAR-1  and  -2 
in  Wide  Swath  Mode 


r  i  fly- font  , uros  fiom  twelve  SAR  flights  during  l  h- 
31  March  tn  Q  Api  I  I  1  *)H  7  lime  period  w^i  r  u'rd  In  thw 
Statistical  analysis,  inch  ama  was  ,i|gn n* innt » I y  \ijn 
x  100  pixels  which  corresponds  to  a  gionnd  area  of 
appi ox Imatc I y  700  x  700  meters.  Ihe  areas  selected 
Included  Incident  angles  of  30*  to  7n» .  I > p I »-.i I  open 

water  (w) ,  first-year  Ice  (f),  multly-ai  Ice  (n) ,  and 
Odden  (0)  areas  used  In  the  study  aie  shown  on  llguie 
2. 
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3.  0ISCR1MIIJAI  ion  USING  I  IRS  I  -CUHt  R  SIAI1SI1CS 
Ihe  ability  of  llrsl-ordrr  statistics  (l.e., 
statistics  based  on  Individual  pixel  values,  not 
spatial  correlations)  to  segment  the  SAP  images  into 
their  appropriate  lour  classes;  «?p*mi  water,  I  list-year 
ice,  multiyear  ice  and  Cddcn  was  analyzed.  Sin>»  the 
results  of  an  Initial  dist  rllml  loti.il  lilting  analysis 
lllcf.  2)  Indicated  that  two  parameter  linict  ions  did  a 
good  Job  of  fitting  the  data,  segmenting  the  data  with 


pairs  of  statistics  was  tried.  lire  two  best  pairs  are 
shown  In  Figures  4  and  5.  Figure  4  shows  mean  versus 
standard  deviation  (all  of  these  statistics  are 
intensity  values).  Note  that  although  Odden  Ice  and 
multiyear  Ice  are  very  mixed,  the  other  two  classes 
segment  out  rather  nicely;  almost  linearly  along  the 
curve  we  have  open  water,  then  first-year  Ice,  then 
the  combination  of  multiyear  Ice  and  Oddwit  Ice. 
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Figure  4.  Segmentation  Using  Modified  Skewness  and 
Skewness 
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Figure  5. 


Standard  Deviation  vs  Mean  Segmentation 
of  Intensity  Ice  Data 


The  Odden  Is  representative  of  new  first-year  Ice 
that  has  undergone  extensive  deformation  due  to  wave 
action.  The  nllas  ice  that  transitions  Into  pancake 
floes  have  very  rough  edges  (see  Figures  2  and  4  In 
ref  [1]).  These  rough  edges  reflect  radar  energy  and 
as  such  the  scattering  coefficient  for  pancake  Ice  Is 
large  [Ref.  2).  Thus,  It  Is  not  surprising  that 
multiyear  and  Odden  Ice  types  overlap  on  tire  mean 
versus  standard  deviation  curve. 

Figure  5  shows  skewness  versus  modified  skewness. 
Note  that  this  also  does  a  nice  Job  of  segmenting, 
although  the  distinction  of  first-year  Ice  from  Odden 
ice  Is  somewhat  less  sharp  then  on  Figure  4.  However, 
multiyear  Ice  and  Odden  Ice  are  much  Getter  separated 


then  on  T  I  y  tit  e  4.  Ana  in,  almost  linearly  along  tli" 
curve,  we  have  open  water,  first-year  Ice,  OdJen  Ice 
and  mill tlyear  Ice. 

In  conclusion,  It  appears  that  mean  vetsns  variance 
can  segment  out  open  water  and  first-year  Ice,  then 
skewness  versus  modi  lied  skewness  ran  segment  out 
Odden  Ice  and  multiyear  Ice.  In  general,  Mist-order 
statistics  appear  to  do  a  good  Job. 

Currently  under  progress  Is  an  attempt  to  optimize 
the  combination  of  first  order  statistics  lot 
segmentation.  Eigenvector  analysis  Is  being  performed 
on  the  covariance  matrices  (nr  each  Ice  class  to 
determine  which  linear  comlrlnat  Inn  of  parameters 
generates  the  most  variation  within  the  class  and  the 
least  variation  within  the  class.  In  addition,  the 
same  analysis  Is  he  lug  per  f  united  on  the  cut  he  set  of 
SAI1  linages.  Optimal  open  water  (lor  example) 
classification  can  then  be  performed  by  finding  the 
linear  combination  that  minimizes  the  variation  within 
the  class  but  maximizes  the  variation  between  classes. 

4.  OiSlIHGUlION  fUNCdON  ANALYSIS 

An  attempt  Iras  been  made  to  generate  a  model  for 
the  distribution  function  of  the  SAP  ice  data  that 
would  fit  all  of  the  MI7FX  U7  Images.  If  this  Is 
possible,  then  the  parameters  of  tire  distribution 
function  would  suffice  to  characterize  the  image,  and 
we  could  segment  the  Images  based  on  their  parameters 
alone.  Unfortunately,  we  have  found  no  model  that 
passes  the  statistical  tests  lor  all  of  the  lunges; 
this  search  Is  still  In  progress.  He  have  tested  a 
number  of  simple  analytical  lonns  but  the  results 
Indicate  that  the  actual  illstrlbtitlim  tiincllnn  Is  more 
complicated  than  this.  Currently,  work  Is  being 
performed  on  a  model  that  deals  more  with  the  physical 
scattering  phenomena  [Ref.  5)  anil  the  results  look 
encouraging.  Unfortunately,  with  complexity  mines 
computational  cost  so  no  definite  results  lor  the  Ice 
data  are  available  yet. 

for  the  analytical  forms,  we  tested  uniform,  gamma, 
Inverse  gaitsslan,  gauss  Ian,  lognormal  and  modi  I  led 
beta.  Figure  0  shows  the  Kolmogorov  statistic  (a 
statistical  measure  of  how  different  the  analytical 
distribution  I  unction  Is  Itnm  the  actual  'Alt  Image 
distribution  function)  lor  the  Ice  data  set  lor  all 
the  types.  I.ngitormal,  inverse  gausslan  and  n»  id  I  fled 
beta  ali  produce  similar  results  with  a  preference  to 
the  modified  beta.  It  should  be  noted  that  the 
modified  beta  Is  the  on  I y  model  that  allows  the 
distribution  funclluti  to  be  fit  to  higher  order 
moments  ( I .  e . ,  width  and  skewttess)  while  the  other 
models  fit  only  the  mean  and  variance.  (Ms  appears 
to  support  the  results  lit  section  3  where  these  higher 
Order  moments  aie  necessary  to  separate  Udd<Mi  Ice  Irom 
multiyear  Ice,  and  In  addition  did  a  fair  Job  of 
segmenting  the  other  types. 

Although  these  three  models  do  a  good  Job  of 
fitting  to  the  data,  they  do  not  pass  the  statistical 
tests  (l.e.  It  can  not  he  said  with  statistical 
certainly  that  they  arc  a  good  fit,  we  can  only  say 
that  the  fit  looks  good  to  the  eye).  Figure  1  shows 
the  same  Kolmogorov  statistic  but  subtracted  hv  the 
threshold  that  It  has  to  be  less  than  In  order  to  pass 
the  test,  lints  values  less  than  zero  on  I  Igtirc  1  mean 
It  passed  and  values  greater  than  zero  Indicate 
failure.  Hole  tire  very  large  amount  of  failures: 
although  there  ate  a  few  passes.  In  addition,  it 
appears  that  the  modified  beta  ad  van  lag''  tpie^  a..ay  (or 
this  plot;  a  result  that  Is  not  explainable  at  the 
present  time. 

It  Is  Interesting  (o  note  Imw  the  amotntt  of  passes 
and  falltrros  change  with  Ire  type.  Iltpne  P-ll  -li 
the  same  numbers  as  liguic  7.  bn t  separated  .vmtdltij 
to  ice  type.  Note  that  open  water  tails  miser  airly;  an 


I  '  1,1 


interesting  result  wlilcli  Indicates  tliat  the  scattering 
going  on  Is  not  simple.  First-year  Ice  and  multiyear 
tee  do  about  the  same;  much  more  successful  (for  the 
three  candidate  models)  then  open  water.  This  seems 
to  Indicate  that  scattering  from  these  types  Is  moie 
"traditional”.  Finally,  Odden  does  the  best  of  all; 
the  points  are  very  clustered  at  zero.  Perhaps  this 
Is  the  most  "traditional"?  Also  note  that  the  most 
successes  appears  to  be  for  multiyear  Ice  with  first- 
year  Ice  next. 
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Figure  6.  Ice  Measurements  Kolmogorov  Statistics 
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Figure  7.  Ice  Measurements  Kolomgorov  Statistics 
Subtracted  by  the  Threshold  Value 

All  of  the  above  distribution  models  had  their 
parameters  generated  from  the  data  statistics.  We 
also  Investigated  generating  optimal  parameters  by 
iteratively  finding  the  ones  that  minimized  a  mean 
square  error  metric  between  the  model  and  the  data. 
Figure  12  shows  the  result  for  optimizing  the 
parameters  of  a  gamma  model,  then  generating  a  cluster 
plot  of  the  equivalent  mean  and  standard  deviations 
from  these  optimal  parameters.  Comparing  to  Figure  4, 
we  get  much  better  segmentation  this  way  then  simply 
taking  the  data  statistics;  although  Odden  and 
multiyear  are  still  mixed.  We  are  currently  trying 
this  lor  other  models,  specifically  the  modified  beta 
and  the  more  complicated  model  mentioned  above. 
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5.  SEGMEHIAIIOM  USING  ICXIUPE  Hr ASURES 
Soymont.il Ion  of  the  four  Ico  typo-,  was  also 

evaluated  using  textural  molliods.  Wo  used  the  most 
favorite  texture  measure  among  Image  processors;  the 
general  eo-occin  cncy  matrix  (GCM) .  In  qencrnl,  the 
GCM  measure  the  spatial  correlation  structure  of  the 
data  and  generates  estimates  of  the  direction  of 
correlation,  the  strength  of  correlation,  etc.  We 
again  generated  cluster  plots  of  pairs  of  various 
measures;  the  best  pair  Is  shown  lit  figure  13.  lire 
results  appear  very  similar  to  the  mean  and  standard 
deviation  plots;  open  water  and  (Irst-yeai  ate  well 
segmented  from  the  rest,  but  Oddon  and  multiyear  are 
mixed.  We  are  currently  applying  the  eigenvector 
analysis  to  this  data  also  to  generate  optimal 
combinations;  however  we  do  not  anticipate  any  hotter 
results  than  the  first  order  statistics  have  given. 

6.  SUMMARY 

1  lie  MIZEX  *87  X-band  SAP  data  was  divided  Into  four 
sea  Ire  classes  (open  water,  first-year,  multiyear, 
and  Odden)  to  evaluate  first-order  statistics,  higher 
order  statistics  (texture),  and  distribution  analysis 
to  segment  the  SAR  Image  into  the  required  classes, 
lire  first  order  statistical  analysis  (l.e.,  statistics 
based  on  Individual  pixel  values,  not  statistical 
correlations)  Indicated  that  mean  versus  variance  can 
segment  out  open  water  and  first-year  Ice,  and 
skewness  versus  modified  skewness  can  segment  out 
Odden  and  multiyear  Ice.  lhe  use  of  texture 
techniques,  In  this  case  the  use  of  the  general  ro- 
occiirency  matrix,  did  not  yield  results  superior  to 
the  first  older  statistical  analysis.  In  general,  the 
first  older  statistics  appear  to  do  a  good  Jolt  and 
considering  computation  efficiency  Is  the  recommended 
algorithm  approach  for  tire  Alaska  geophysical 
processor. 

lhe  scat ch  for  a  distribution  function  of  the  SAP 
Ice  data  that  will  fit  the  majority  of  MIZfX  ’87 
Imagery  Is  continuing,  lhe  distribution  analysis 
suggests  the  data  are  best  fitted  by  gamma  and 
lognoimal  (and  sometimes  Inverse  Gaussian) 
distributions. 
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1.0  Introduction 

One  practical  use  of  synthetic  aperture  radar 
(SAR)  images  is  to  segment  large  areas  of  land  into 
various  geophysical  classes;  crop  types,  tree  types, 
or  urban  versus  suburban  areas  for  example.  Since 
large  amounts  of  data  are  usually  Involved  automatic 
algorithms  are  the  only  practical  approach.  It  would 
make  such  algorithms  easier  to  Implement  if  the 
probability  density  functions  (pdf's)  of  the  various 
classes  could  be  modeled  beforehand;  In  fact  If  the 
pdf's  are  known  optimal  detection  algorithms  can  be 
implemented.  In  addition,  knowledge  about  the 
distribution  of  scattered  energy  from  a  given  scene 
can  give  Information  about  the  physical  structure  of 
the  scattering  surface,  namely  the  spatial 
distribution  of  scatterers  within  the  scene.  For 
reasons  such  as  these  It  is  useful  to  develop  a 
parametric  model  for  the  pdf  of  diffuse  scenes  In  SAR 
Images. 

Much  work  has  been  done  In  this  area  already 
[1,2,3],  mainly  In  attempting  to  fit  pdf's  with  known 
analytical  forms  to  histograms  generated  from  SAR 
data.  Unfortunately,  as  SAR  resolutions  become  better 
(thus  generating  more  Independent  samples  of  a  diffuse 
scene)  and  SAR  calibration  procedures  become  more 
refined  (thus  removing  uncertainties  In  backscattered 
values  due  to  system  effects)  the  analytical  forms  do 
a  poorer  job  of  fitting  the  actual  histogram  data. 

This  Indicates  that  a  more  complicated  pdf  model  Is 
necessary,  one  that  Includes  the  physical  aspects  of 
the  terrain  being  Imaged,  rather  then  Just  continuing 
to  search  for  other  analytical  forms.  This  paper  will 
present  a  model  that  essentially  divides  the  SAR  pdf 
Into  a  part  due  to  speckle  and  a  part  due  to  the 
spatial  distribution  of  the  scatterers  within  the 
scene  allowl  no  a  better  fit  to  the  SAR  histogram 
values  and  allowing  the  spatial  distribution  function 
to  be  extracted  from  the  SAR  data.  A  specific  form  of 
this  model  was  presented  In  ref.  2,  but  our  approach 
Is  to  generalize  that  model  to  multi -looked  SAR  data 
and  to  extract  the  spatial  density  function  directly 
In  addition  to  assuming  a  functional  form  for  It. 

2.0  Density  Function  Model 

To  form  a  simple  scattering  model  for  diffuse 
targets  In  SAR  Imagery,  we  will  divide  the  target 
spatially  Into  small  cells  on  the  order  of  the 
resolution  of  the  SAR.  We  will  assume  that  each  cell 
contains  a  large  number  of  scatterers  at  ranges  that 
vary  much  more  then  the  wavelength  of  the  SAR  and  that 
all  have  the  same  radar  crossectlon.  However,  the 


radar  crossectlon  values  will  vary  from  cell  to  cell. 
Because  the  surface  within  each  cell  will  appear  rough 
to  the  radar,  the  backscattered  values  will  fluctuate 
due  to  speckle  with  an  exponential  density  function 
[5]  (If  we  are  considering  Intensity  statistics).  If 
the  SAR  data  has  been  multi-looked,  then  the 
statistics  of  the  speckle  will  the  Gamma  distributed 
with  density  function  r(x;c,b); 

r(x;c,b)  ■  (x/c)c*1[exp(-x/b)]/bT(c)  (1) 

where  T(c)  1$  the  Gamma  function,  c  will  be  an  Integer 
representing  the  number  of  Independent  speckle  values 
that  were  added  together  and  b»(o/c)  where  a  Is  the 
mean  radar  crossectlon  for  that  cell.  Let  f a(a)  be 
the  density  function  that  represents  how  the  mean 
radar  crossectfons  vary  from  cell  to  cell;  t.e.  the 
spatial  distribution  of  the  scatterers.  Considering 
the  SAR  backscattered  values  from  the  entire  target  as 
a  single  random  variable.  It  will  then  have  density 
function  f (x); 

m 

f(x)  •  /  r(x;c,o/c) fg.(0jdcr  .  (2) 


In  Eq.  (2),  the  Gamma  density  represents  the  variation 
due  to  speckle  and  the  ia  density  represents  the 
variation  due  to  spatial  changes  In  radar  backscatter. 

The  actual  measurement  on  the  data  Is  a  histogram 
of  the  SAR  values  within  the  target.  Let  hi  represent 
the  histogram  values  for  1  ■  !,..., B  where  8  Is  the 
number  of  bins  In  the  histogram.  Then 

number  of  pixels  e  (Si,E<) 

hi  •  -  (3) 

total  number  of  pixels  In  the  target 

and 

El 

hi  s  ^  f(x)dx  (4) 

where  (St.Et),  1  «  1,...,B  represents  the  bln 
structure  with  which  the  histogram  was  calculated. 

Our  problem  can  now  be  stated  as  follows:  given  values 
of  hj,  1  •  1,...,B  determine  fff(o). 

If  we  consider  hi  as  an  esttmate  of  f (* • )  for 
some  x  value  In  the  middle  of  the  bln  (S|,E|j,  then 
our  problem  Is  solving  the  first  order  Integral 
equation  (2).  Unfortunately,  such  equations  are  known 
to  be  111-posed  and  when  put  Into  the  form  of  a  system 
of  linear  equations  (which  we  would  need  to  do  since 


we  only  have  sampled  data)  generate  1 11  -condl ttoned 
matrices  which  cannot  be  Inverted.  Our  solution  to 
this  difficulty  Is  two-fold.  First,  assume  an 
analytical  form  for  fff  and  then  solve  for  the 
parameters.  This  has  the  added  advantage  of  allowing 
us  to  use  Eq.  (4)  directly  Instead  of  the 
approximation  mentioned  above.  This  1$  similar  to  an 
analysis  In  [2],  but  we  use  more  general  density 
functions  and  find  an  optimal  solution  in  the  sense 
that  It  minimizes  an  error  metric.  Second,  we  will 
perturb  the  analytical  solution  to  fg  Iteratively  to 
minimize  an  error  metric.  This  allows  us  to  find  a 
solution  that  Is  not  constrained  to  any  special  form, 
but  gets  around  the  Ill-conditioning  mentioned  above 
since  we  are  finding  a  solution  that  Is  close  to  an 
Initial  guess. 

3.0  Analytical  Form  Fitting 

We  will  assume  that  fff  can  also  be  described  as  a 
Gamma  Jenslty  function;  l.e.  fa(e)  *  r(o;Cn.b0)  where 
c0  and  b0  need  to  be  determined.  This  choice  Is 
prompted  by  the  wide  range  of  density  shapes  that  the 
Gamma  can  have  for  different  values  of  c0  and  b0;  from 
exponential  to  Raylelgh-1 Ike  to  Gaussian.  Also,  It 
will  allow  us  to  determine  the  general  shape  for  f„; 
we  can  refine  that  shape  with  the  perturbation  metnod 
discussed  below. 

Substituting  our  Gamma  assumption  into  Eq.  (2) 
generates  a  three  parameter  model  for  f(x)  with  the 
three  parameters  being  c,  c0  and  b„.  In  theory,  we 
should  know  the  value  of  c  a  prion  since  It 
corresponds  to  the  number  of  looks  used  to  generate 
the  SAR  Image.  In  practice  however,  due  to  the 
different  methods  that  are  used  to  generate  multi  - 
looked  data  and  the  possibilities  of  different  weights 
being  applied  to  each  individual  look,  we  usually  can 
only  estimate  c  from  the  methodology  used.  Thus  we 
have  decided  to  leave  It  as  a  parameter  that  needs  to 
be  specified.  The  moments  about  the  origin  for  this 
model  can  be  easily  calculated; 


b0Y  r-l 


E[xr]  •  —  sr  (c*k)(c0*k)  (5) 

\c  /  k*0 

and  specifically  the  mean  *  b0c0  and  the  variance  • 
b02c0lU[c0+l]/c)- 

The  simplest  method  to  implement  for  finding  the 
values  of  the  three  parameters  that  best  fit  a  SAR 
image  Is  trial  and  error.  Although  not  optimal  In  any 
sense,  It  does  allow  a  quick  analysis  for  the  general 
shape  that  fff  has  and  allows  generation  of  an  Initial 
guess  for  the  Iterative  procedures  discussed  below. 

To  that  end  we  analyzed  how  changes  In  c,  c0  and  b« 
actual  perturb  f(x).  We  found  It  easier  to  work  with 
the  distribution  function  for  this  analysis  then  the 
density  function  f(x).  Figure  1  shows  how  the 
distribution  function  changes  with  the  c  parameter; 
note  that  It  Is  essentially  a  rotation  of  the 
distribution  function.  Figure  2  shows  how  changes  In 
c0  perturb  the  distribution  function;  It  essentially 
shifts  the  function.  The  b«  parameter  also  shifted 
the  distribution  function  similar  to  the  c«  parameter. 
Using  mean  ■  b0c0  allowed  us  to  eyeball  fits  to 
various  SAR  Images.  Figure  3  shows  an  actual  SAR 
image  distribution  function  (circles)  compared  to  an 
eyeball  fit  to  our  model  (solid  line).  For  comparison 
a  fit  to  a  simple  Gamma  model  (using  the  methods  of 


moments  to  estimate  the  parameters)  Is  also  shown 
(dotted  line).  Note  that  although  both  models  do  a 
good  Job  the  single  Gamma  model  slightly  under 
predicts  the  distribution  values  at  the  first  turn  and 
then  over  predicts  at  the  second  turn  whereas  the 
Gamma-Gamma  model  does  a  good  job  of  predicting  at  the 
first  turn  and  only  slightly  over  predicts  at  the 
second  turn.  The  mean  squared  error  of  the  Gamma- 
Gamma  model  In  Figure  3  was  301  lower  then  for  the 
single  Gamma  model. 

For  a  more  optimal  fit,  although  at  some 
computational  cost,  we  Iteratively  found  the 
parameters  c,  c0,  b0  that  minimized  the  mean  square 
error  metric  E, 


1  8  , 
-  E  (h,  -  f,)2 
B  1*1 


using  a  Levenberg-Marquardt  method  [5].  To  determine 
any  improvement  this  model  gave  over  fitting  to  a 
single  analytical  form,  the  algorithm  was  run  on  a 
series  of  SAR  Image  subsets  which  represented 
different  Ice  types.  A  single  Gamma  density  function 
was  then  fit  to  the  same  data  using  the  same 
algorithm;  although  this  time  only  finding  the  value 
of  two  parameters  that  minimized  E.  Due  to 
computational  costs  only  a  few  such  cases  could  be 
run,  but  In  each  instance  the  value  of  E  for  the 
Gamma-Gamma  model  was  30  to  50  percent  better  then  the 
single  Gamma  model.  To  avoid  the  problem  of  comparing 
a  three  parameter  model  (l.e.  Eq.  (2))  with  a  two 
parameter  model  (the  single  Gamma  fit)  we  also  ran  the 
algorithm  by  setting  c  to  an  estimate  of  the  number  of 
looks  of  the  images  and  allowed  only  c0  and  b0  to 
vary.  The  were  essentially  similar  to  the  previous 
case  with  the  Improvement  In  mean  square  error  being 
approximately  the  same. 

4.0  Perturbation  of  the  Solution 

The  analysis  discussed  above  assumes  a  shape  for 
the  fff  density  function.  To  avoid  this  we  analyzed 
perturbing  the  Gamma  solution  Iteratively  to  determine 
If  a  different  shape  could  generate  a  smaller  value  of 
E.  Theoretically  we  could  apply  the  same  Iterative 
algorithm  as  above,  however  the  dimensionality  of  the 
resultant  parameter  space  makes  the  method  not 
practical  to  Implement.  Instead,  we  perturbed  each  f( 
separately  and  determined  which  value  minimized  E. 
Performing  this  for  each  value  of  1  separately,  we 
then  but  them  together  to  generate  our  "next  guess’ 
for  fff.  Although  this  Is  not  an  optimal  guess,  and 
for  special  cases  can  cause  a  stagnation,  for  most 
well  behaved  functions  It  will  move  the  estimate 
closer  to  the  value  that  minimizes  E  and  It  will  allow 
an  estimate  of  the  actual  shape  for  fff.  Figure  4 
shows  an  original  guess  for  the  f-  Gamma  density 
function  as  generated  In  section  3  (solid  line)  and 
the  result  of  performing  one  Iteration  of  the 
perturbation  analysis  (connected  circles).  Note  that 
the  algorithm  Is  attempting  to  push  the  density 
function  Into  a  shape  that  Is  more  delta-like  with 
much  heavier  tails  then  the  Gamma  shape;  perhaps 
Indicative  of  less  variation  in  the  spatial  scatterers 
then  the  Gamma  curve  Indicated.  Implementation  of 
this  algorithm  on  a  array  processor  Is  currently  being 
performed  to  carry  this  analysis  further. 


7.0  References 


5.0  Conclusions 

We  have  presented  a  model  for  the  density 
function  of  SAR  images  of  diffuse  scenes  that  Is  a 
first  order  attempt  at  modeling  the  physical 
scattering  properties  and  does  a  better  Job  of  fitting 
to  actual  SAR  Image  histograms  then  fitting  single 
analytical  forms.  In  addition,  the  resultant 
parameters  allow  better  segmentation  of  different  SAR 
scattering  phenomena  since  they  remove  the  variation 
within  classes  caused  by  speckle.  Initial  results 
Indicate  that  a  perturbation  of  the  Gamma  solution  to 
Eq.  (2)  appears  to  be  possible  and  generates  a  more 
delta-like  shape  to  the  density  function. 
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ABS1RACT 

In  generating  automatic  classi fication 
algorithms  from  SAR  image  data  it  is  important  to 
have  an  adequate  model  for  the  underlying 
distribution  function  of  the  random  variable  used 
to  model  the  image  data.  A  number  of  different 
candidate  distribution  functions  have  been 
evaluated  previously  but  no  single  model  has  been 
shown  to  adequately  represent  a  range  of  clutter 
targets.  We  show  here  that  the  modified  beta 
density  function  is  a  model  which  can  adequately 
represent  a  range  of  SAR  returns  from  different 
Ice  types  by  a  simple  change  in  its  parameters  due 
to  its  ability  to  model  any  values  for  width  and 
modified  skewness.  This  is  demonstrated  on  166 
subsets  of  SAR  imagery  drawn  from  three  different 
collections.  In  addition,  classification  of  ice 
types  using  the  parameters  from  the  modified  beta 
function  are  presented. 

KEYWORDS 

SAR  distribution  functions,  SAR  ice 
classification,  Modified  beta  distributions 

1.0  INTRODUCTION 

One  of  the  obvious  advantages  of  Synthetic 
Aperture  Radar  (SAR)  is  its  ability  to  image  large 
areas  and  automatically  create  from  these  images 
large  scale  maps  that  contain  scene  information 
such  as  crop  type  or  ice  type.  This  has  motivated 
a  large  amount  of  research  on  developing  automatic 
classification  algorithms  for  SAR  data.  When 
addressing  a  classification  problem  that  involves 
SAR  imaging  of  diffuse  targets  (fields,  water  and 
ice,  for  example,  as  opposed  to  hard  targets  like 
vehicles  or  buildings)  it  has  been  a  common 
approach  to  model  that  image  data  as  a  random 
process  and  then  derive  classification  algorithms 
from  models  of  the  probability  distribution 
function  underlying  the  random  process.  Such  a 
classical  approach  can  derive  optimal 
classification  schemes  that  minimize  given  error 
metrics,  and  so  there  is  a  large  motivation  for 
deriving  distribution  function  models  that  can 
adequately  describe  diffuse  SAR  clutter  over  a 
large  range  of  targets;  the  most  convenient  being 
a  model  where  only  the  parameter  values  need  to 
change  for  different  target  types  and  the  form  of 
the  function  can  remain  fixed.  In  this  paper  we 


present  such  a  model  using  the  modified  beta 
distribution  function  and  show  that  it  can 
describe  the  distribution  function  of  SAR  clutter 
from  a  range  of  ice  types  (including  open  water  as 
a  degenerate  ice  type)  by  simply  changing  the 
values  of  the  parameters  while  maintaining  the 
same  functional  form.  We  also  present  some  simple 
ice  type  classification  algorithms  based  on  the 
parameters  of  the  distribution  function  that  aie 
insensitive  to  scale  factors  applied  to  the  data. 

In  deriving  a  distribution  function  model  for 
sampled  data  there  are  three  main  areas  that 
require  attention.  First,  the  algorithm  for 
comparing  analytical  distribution  functions  to 
distribution  functions  derived  from  data  needs  to 
be  carefully  constructed,  especially  for  SAR  image 
data  where  problems  such  as  digitization  can  cause 
difficulties.  This  procedure  is  discussed  in 
Section  2  below.  Second,  one  needs  to  choose  the 
analytical  forms  to  be  tested.  Instead  of  simply 
Choosing  a  set  from  some  common  collection  of 
functions,  we  describe  in  Section  3  a  procedure 
for  choosing  functions  based  on  their  flexibility 
of  matching  to  the  higher  order  moments  of  the 
image  data  which  motivated  the  selection  of  the 
modified  beta  function,  lhird,  a  method  needs  to 
be  implemented  for  choosing  the  values  of  the 
parameters  in  the  density  model  based  on  the  image 
data.  In  Section  4  we  describe  a  moment  matching 
approach  and  an  iterative  algorithm,  which 
minimizes  an  error  metric,  for  calculating  the 
model  parameters. 

We  present  the  results  of  applying  the 
modified  beta  model  to  three  different  SAR 
collections,  two  over  arctic  regions  and  orm  over 
open  water,  in  Section  5  and  compare  the  results 
from  the  modified  beta  model  to  other,  more 
common,  models.  In  Section  6  we  present  some 
classification  results  from  the  parameters  of  the 
modified  beta  model  and  finally,  in  Section  7,  we 
present  some  conclusions. 


2.0  COMPARING  MODELS  TO  SAR  DAIA 

We  define  the  distribution  function 
calculated  from  the  SAR  image  samples,  Fs(x),  as 


(number  of  samples  S  xj) 

rs(*i)  -  -  -  .  U) 

(total  number  of  samples; 


We  will  sample  this  function  for  n  samples  of  x, 

The  problem  of  determining  whether  a 
sample  of  data  was  drawn  from  some  given 
distribution  function  has  been  studied  intensively 
and  a  number  of  well  known  tests  have  been 
developed.  Since  by  the  nature  of  the  problem  we 
wanted  a  nonparametric  test  (i.e.,  a  test  that 
made  no  assumption  about  the  underlying  density 
function  of  the  data)  we  chose  the  Kolmogorov 
test.  Simply  put.  the  test  consists  of  finding 
the  maximum  difference  between  the  candidate 
distribution  function  and  the  distribution 
function  calculated  from  the  data  samples. 

The  first  step  in  applying  the  test  is  to 
determine  what  samples  we  will  use  to  calculate 
F,(x);  i.e.  the  values  of  xi  through  x„. 

Obviously,  these  will  also  be  the  samples  we  will 
use  to  calculate  the  Kolmogorov  statistic,  K;  that 
is, 

K  «  max  |  Fs(xj)  -  F(xj)  | .  (2) 

i«l,n 

The  classical  approach  is  to  sort  the  actual  image 
data  values  and  use  all  of  the  unique  values  from 
this  set  for  xj  through  xn.  With  most  SAR  data 
this  causes  a  problem  however  since  the  data  at 
some  point  has  usually  been  digitized.  If  this 
integerization  procedure  was  performed  by  rounding 
the  values,  then  the  actual  comparison  we  need  to 
make  is 

fvM  =  F(k j  ♦  1/2)  (3) 

where  kj  represents  an  integer  value.  Note  that 
we  can  apply  this  same  sampling  to  Fs(x)  without 
difficulty. 

There  is  an  additional  problem  since,  because 
of  dynamic  range  considerations,  most  SAR  image 
data  is  integerized  in  magnitude  form  while 
analysis  of  the  data  is  usually  performed  on 
intensity,  or  magnitude  squared,  data  which 

represents  backscattcrcd  power.  Thus  the 
distribution  functions  are  calculated  on  the 
intensity  values,  and  this  implies  that  the  sample 
spacing  should  not  be  uniform  since  the  squaring 
operation  causes  the  interval  within  which  data 
was  collapsed  to  increase  with  increasing  data 
values. 

Thus  for  SAR  data  where  the  magnitude  values 
have  been  integerized,  the' correct  values  for  the 
samples  xj,  ...,  xn  are 

x5  -  (kf  +  1/2)2  (4) 

where  k^  represents  the  integer  values  of  the 
data. 

The  sample  structure  in  Eq.  (4)  is  only 
necessary  if  the  SAR  magnitude  values  have  been 
Integerized.  For  one  of  the  data  sets  described 
in  Section  4  this  is  not  the  case,  the 
integerization  occurred  much  earlier  in  the  image 
formation  process,  and  changes  in  the  sample 
structure  have  an  insignificant  effect  on  the 
Kolmogorov  statistic.  In  addition,  calculating 
Eq.  (2)  for  the  sample  structure  in  Eq.  (4)  can  be 
very  time  consuming  if  the  data  set  contains  a 
large  number  of  values.  An  approximate  test  can 
be  performed  that  is  much  less  time  consuming  by 


rot  testing  ovciy  unique  integer  value  l.j,  huf 
rather  skipping  eve iy  plh  integer  ..line  p  is 
decided  by  the  user.  Although  this  t  t  is  more 
liberal  then  (he  original,  its  Kiilmegnim 
Statistic  will  he  £  the  original  Ko  linoqui  >»v 
statistic,  we  have  found  that  in  imp lwnl.il  ion 
the  results  .are  essentially  equivalent. 

3.0  AIIALmCAl  MODELS 

A  large  number  of  possible  r ami  i  da t e 
distributions  (or  SAR  clutter  have  been  propose,! 
over  the  p,ast  decade;  the  most  popular  being 
gamma,  inverse  gnussian  anil  lognormal  distribution 
functions.  Instead  of  picking  yet  another 
candidate,  we  derided  to  base  mu  fieri  re  on  l  lie 
flexibility  of  tire  function  1.0  lit  to  higher  r,|,|r, 
moments  of  tin;  dal  a.  If  we  define  m  as  tlm  mean 
value  of  lire  data  anil  /jr  as  lire  k**1  moment  about 
(lie  mean,  thru  III**  width,  w  ,  and  moil  i  lied 
skewness,  y‘,  ate  defined  as 


w  -  (/i2^n|2) 

(?) 

g'  ‘M3/  (/'21")  • 

(?) 

Most  common  distributions  cover  only  a  one 
dimensional  curve  in  (w.g’)  space  for  any  value  of 
their  parameters.  What  is  desired  however  is  a 
distribution  model  which  can  completely  cover 
(w.g1)  space  by  only  changing  the  parameters  of 
the  model.  Such  a  model  is  the  modified  beta,  p'  , 
and  standard  beta,  p,  functions  whoso  densities 
are  defined  as 

sl'(aib)  [sxjb-1 

P'{*)  ‘  ,  (7) 

r(a)l  (b)U  »  sxj-1,l) 

sl'(aib) lsxja"l [1  .  sxjh-I 
/5(x)  *  (A) 

r(a)r (b) 

where  S  is  a  scale  parameter  and  a, It  are  shape 
parameters.  It  can  be  shown  that  there  is  a  one 
to  one  map  between  the  ordered  pairs  (a.b)  from 
Eg.  (7)  and  (w.q’)  above  the  line  g‘*2w,  w  *•  P. 
Similarly  llieic  is  a  onc-to-unc  mapping  between 
(a,b)  in  Eq.  (8)  and  (w,g‘)  below  the  line  g'*2w 
and  above  the  line  g'  *w  -  1,  w>0. 

4.0  CAICULAI ING  MODEL  PARAMEIERS 

Having  described  the  procedure  for  comparing 
sample  distributions  with  analytical  distributions 
in  Section  2,  and  having  motivated  the  modified 
beta  model  in  Section  3,  the  remaining  probt-m  is 
to  calculate  the  parameters  s,a,b  to  use  in  the 
modified  beta  mode)  for  a  given  sample  of  SAR 
data.  As  mentioned  in  Section  3  we  believe  that 
the  power  of  the  modified  beta  model  is  in  its 
ability  to  cover  the  upper  portion  of  (w,a') 
space,  lo  exploit  this  power  we  can  use  a  moment 
matching  algorithm  to  generate  values  of  s,a,h 
such  that  the  analytical  function  has  the  same 
mean,  width  and  modified  skewness  as  the  data.  If 
we  let  w  and  g'  represent  the  width  and  modified 
skewness  calculated  from  the  SAR  data  values  and 
introduce  an  intermediate  parameter  p  for 
convenience  as 


P  *  (g*  ♦  2)/(2w  -  g‘) 


(9) 

then  the  values  of  a,b  that  generate  the  correct 
values  of  w,g‘  are 

a  •  2  -  p  (10) 

and 

b  -  (p  -  l)/(pw  +  1).  (11) 

The  parameter  s  then  scales  the  data  so  that  the 
mean  value  comes  out  correctly.  If  we  let  m 
represent  the  mean  of  the  data  we  have  that 

s  •  b/(m[a  -  1]).  (12) 

Eqs.  (10),  (11)  and  (12)  allow  us  to  calculate 
values  for  the  modified  beta  function  parameters 
that  will  give  it  the  same  mean,  width  and 
modified  skewness  as  the  SAR  data  values. 

However,  the  main  goal  is  to  provide  a  model 
that  accurately  describes  the  distribution 
function  of  the  SAR  data,  and  the  method  of 
moments  described  above  can  often  fail  in  that 
goal  because  of  the  high  sensitivity  of  the 
Pleasured  values  (w,g')  to  single  large  or  small 
values  in  the  data  set.  This  sensitivity  can  skew 
the  entire  distribution  causing  it  globally  to  be 
a  poor  representation  of  the  data;  although  the 
specific  moments  will  still  match.  Our  solution 
to  this  problem  is  to  develop  an  iterative 
algorithm  that  estimates  the  values  of  a.b  that 
minimize  the  Kolmogorov  statistic  for  a  given  data 
set.  We  have  implemented  a  simple  brute  force 
search  which  examines  a  grid  about  the  initial 
values  of  a.b  described  above,  calculates  the 
Kolmogorov  statistic  for  each  value  of  a,b,  and 
finds  the  pair  that  generates  the  smallest  value. 

5.0  OATA  RESULTS 

We  tested  the  modified  beta  model  on  three 
separate  data  sets.  The  first  was  taken  from  SAR 
data  collected  with  the  Canadian  Intera  Star-2 
system  over  the  Marginal  Ice  Zone  during  the  MIZEX 
'87  experiment  using  X-band  with  VV  polarization. 
The  data  had  a  resolution  of  greater  then  fifteen 
feet  and  was  processed  with  seven  looks.  Samples 
of  varying  sizes  were  extracted  from  the  images 
over  known  areas  of  multi-year  ice  (11  subsets), 
first  year  ice  (10  subsets),  and  odden  which 
represents  a  form  of  very  new  ice  (11  subsets).  . 
The  SAR  image  magnitude  values  were  scaled  to  the 
range  [0,255]  and  integerized  so  that  we  had  to  be 
careful  in  selecting  the  samples  for  the 
distribution  function  as  discussed  in  Section  2. 
The  second  data  set  was  collected  with  the 
NA0C/ER1M  P3  SAR  over  Alaska  using  C-band  and  VV 
polarization.  The  data  had  a  resolution  of  six 
feet  and  was  processed  with  four  looks.  Twenty 
subsets  of  multi-year  and  twenty  subsets  of  first 
year  ice  were  extracted  from  the  image  data  of 
size  40  by  40  pixels.  In  addition  five  multi-year 
and  five  first  year  subsets  of  size  100  by  100 
pixels  were  also  extracted.  For  this  data  the  SAR 
magnitude  values  were  scaled  to  the  range 
[0,32767]  and  then  Integerized,  and  we  found  that 
the  sampling  was  sufficiently  fine  that  changing 
the  sample  structure  of  the  distribution  function 


(lilt  not  siijni f ic.mt ly  affect  the  results.  I  Iw* 
fin.il  il.il.i  set  w.is  nlso  o<l  le«_ l •*•!  by  tin-  tl.'i'l  /I  I’lM 
SAR  over  open  w.iler  using  L-bnul  data  in  both  till 
Anil  VV  polarisation;  (11  L  s  of  sire  100  by  100 

pixels  were  extracted.  Ibis  data  also  had  a 
resolution  of  six  feet  and  was  processed  with  four 
looks. 

Tobies  1  -  3  tabulate  the  results  ol  the 
analysis.  Six  distribution  (unrtion  models  wet e 
tested  using  the  procedure  described  in  Sections  2 
-  4  for  each  data  subset;  gatr-sian,  uniform, 
gamma,  inverse  gaussian,  lognormal  and  mod i  j  i >•.! 
beta,  for  all  of  the  models  a  moment  nnt'.hing 
algorithm  was  used  to  calculate  the  model 
parameters.  The  gaussian  and  uniform  functions 
never  fit  any  data,  and  we  shall  not  consider  them 
further.  lalrle  1  shews  the  result',  let  tin-  lir'.l 
data  set.  lor  each  ire  type  within  the  data  set, 
the  total  number-  of  subsets  is  shown,  along  with 
the  number  of  those  subsets  which  passed  cacti  of 
the  remaining  four  distribution  function  models 
using  a  moment  matching  algorithm  lor  del cniiiniu'i 
the  model  parameters,  for  the  lognormal  and 
modified  beta  models  two  numbers  are  shown;  the 
first  is  the  number  ol  subsets  which  passed  using 
the  moment  matching  algorithm  and  the  second  is 
the  additional  number  that  passed  using  the 
iterative  algorithm  discussed  in  Section  4. 

Because  of  computational  considerations  we  only 
used  the  iterative  procedure  on  the  lognormal  and 
modified  beta  functions  since  they  were  the  most 
Successful  models  using  the  method  of  moment 
matching.  Table  2  shows  the  results  for  the 
second  data  set,  both  the  40  by  40  and  the  100  by 
100  pixel  subsets,  and  Table  3  shows  the  results 
for  the  final  data  set.  Note  that  lor  fairies  I  - 
3  we  considered  the  gamma  as  a  special  case  ol  the 
modified  beta  model  as  well  as  its  own  mode). 

The  conclusion  to  be  noted  from  Tables  1  -  3 
is  that  the  modified  beta  function  adequately 
describes  the  data  in  162  of  the  total  166 
subsets.  The  lognormal  and  inverse  gaussian 
functions  only  describe  73  and  41  subsets, 
respectively,  out  of  the  entire  set.  Second,  note 
that  when  the  data  set  contains  a  small  number  of 
samples  (as  in  the  40  by  40  samples  in  Table  ?) 
and  thus  a  larger  amount  of  error  allowable  in  the 
distribution  function  description,  then  the 
lognormal  and  modified  beta  functions  both 
adequately  describe  the  data,  with  the  inverse 
gaussian  a  close  second.  But  as  the  sample  sices 
increase,  which  implies  that  the  allowable  et  rut¬ 
in  describing  the  distribution  function  den  rases, 
then  the  modified  beta  function  continues  tn 
adequately  describe  the  data  (although  with  the 
iterative  procedure  becoming  necessary)  whereas 
the  loynotmal  no  longer  does. 

6.0  CLASSIFICATlOll  RESULTS 

Since  the  modified  beta  model  adequately 
describes  the  clutter  statistics  for  the  different 
ice  types  tested  in  the  previous  section,  arty  ice 
classification  algorithm  which  uses  only  the 
statistics  of  the  scene  should  work  equally  well 
using  only  the  parameters  of  the  modified  i-rf a 
function  for  each  file.  Since  our  data  sets  here 
not  calibrated  between  each  other,  or  even  within 
one  set,  we  could  not  use  for  segmentation  any 


parameters  that  were  sensitive  to  scale  factors  so 
that  eliminated  the  parameter  $  from 
consideration.  However  the  parameters  a  and  b  are 
insensitive  to  scale  factors  so  we  considered 
their  utility  in  segmenting  the  ice  types.  Figure 
1  shows  a  scatter  plot  of  the  parameter  a  (which 
is  displayed  in  a  dB  scale  to  more  easily  handle 
the  range  of  values)  versus  the  parameter  b  for 
the  four  ice  types  within  the  data  sets;  open 
water,  first  year,  multi-year  and  odden.  We  have 
indicated  on  the  plot  a  linear  division  of  a,b 
space  based  on  the  clustering  of  the  data  points 
and  have  labeled  the  ice  type  and  collection  name 
for  each  area. 

The  first  thing  to  note  from  Figure  1  is  that 
although  it  does  provide  a  fair  segmentation  of 
the  data  there  is  no  real  separation  between  the 
clusters,  indicating  that  the  specific 
segmentation  shown  in  Figure  1  is  not  robust  and 
may  not  work  for  any  other  data  set.  What  is 
encouraging  about  Figure  1  however,  is  that  it 
shows  any  segmentation  at  all,  since  the 
parameters  used  are  scale  factor  invariant.  This 
means  that  the  SAR  image  data  did  not  have  to  be 
calibrated  either  absolutely  (i.e.  put  into  terms 
of  radar  cross  section)  or  even  scaled  relative  to 
one  another.  Since  calibration  is  often  difficult 
In  actual  SAR  systems,  it  would  be  interesting  to 
determine  if  this  segmentation  technique  could  be 
made  robust. 

7.0  CONCLUSIONS 
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He  have  shown  that  the  modified  beta  function 
provides  an  adequate  and  versatile  model  for  the 
distribution  function  of  SAR  clutter  returns. 

This  power  is  based  on  the  ability  of  the  modified 
beta  function  to  cover  an  entire  half  plane  in 
width,  modified  skewness  space,  whereas  the  other 
more  common  distribution  models  cover  only  a  one 
dimensional  curve.  He  have  described  a  procedure 
for  calculating  the  parameters  of  the  modified 
beta  function  sufficient  for  generating  a 
distribution  model  for  the  vast  majority  of  SAR 
Images  drawn  from  four  different  ice  types. 

From  the  modified  beta  function  parameters, 
we  demonstrated  that  the  two  scale  factor 
invariant  parameters  could  be  used  to  successfully 
segment  the  ice  types  in  the  test  set;  although 
the  resultant  segmentation  procedure  will  probably 
not  work  for  a  different  data  set.  However,  it, 
does  show  that  it  may  be  possible  to  segment  SAR 
images  without  requiring  calibrated  data,  and  that 
would  be  useful  enough  to  warrant  further  effort 
in  this  approach. 

He  believe  that  this  analysis  Indicates  that 
the  modified  beta  function,  should  be  included  in 
any  candidate  distribution  models  for  SAR  clutter, 
and  that  it  will  be  more  successful  then  any  other 
models  that  have  been  generated  to  date.  Thus  it 
may  be  useful  to  generate  optimal  classification 
algorithms  based  on  the  modified  beta  function  to 
determine  if  they  will  perform  better  than  the 
current  set  of  algorithms. 
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ABSTRACT 

Previous  research  studies  have  focused  on 
producing  algorithms  for  extracting  geophysical 
information  from  passive  microwave  data  regarding 
ice  floe  size,  sea  Ice  concentration,  open  water 
lead  locations,  and  sea  Ice  extent.  These  studies 
have  resulted  In  four  separate  algorithms  for 
extracting  these  geophysical  parameters.  Sea  ice 
concentration  estimates  generated  from  each  of 
these  algorithms  (l.e.,  NASA/Team,  NASA/Comiso, 
AES/York,  and  Navy)  are  compared  to  ice 
concentration  estimates  produced  from  coincident 
high  resolution  Synthetic  Aperture  Radar  (SAR) 
data.  The  SAR  concentration  estimates  are 
produced  from  data  collected  in  both  the  Beaufort 
and  Greenland  Sea  In  March  1988  and  March  1989, 
respectively.  The  SAR  data  is  coincident  to  the 
passive  microwave  data  generated  by  the  Special 
Sensor  Microwave/ Imager  (SSM/I). 

KEYWORDS:  Sea  Ice  Comparison,  SAR,  SSM/I,  Sea  Ice 
Concentration,  Sea  Ice  Algorithm  Comparison 

1.0  INTRODUCTION 

The  polar  research  community  has  been 
Interested  In  the  determination  of  sea  Ice 
products  from  the  arctic  region  since  the  launch 
of  the  Nimbus  S  Electrically  Scanning  Microwave 
Radiometer  (ESMR)  In  1972,  and  continued  through 
1987  with  the  Nimbus  7  Scanning  Multichannel 
Microwave  Radiometer  (SMMR).  Presently,  the  polar 
research  community  has  focused  Its  attention 
towards  the  SSM/I  which  was  launched  In  June  of 
1987  aboard  the  Defense  Meteorological  Satellite 
Program  (OMSP)  Spacecraft  F8.  The  SSM/I  is  the 
first  of  seven  planned  SSM/Is  scheduled  for 
launch  over  the  next  two  decades  which  will  make 
available  passive  microwave  imagery  of  the  arctic 
region  well  into  the  twenty  first  century  [1]. 

Since  1972  the  polar  research  coamwnlty  has 
been  developing  sea  ice  product  algorithms 
designed  to  extract  geophysical  information  about 
the  arctic.  The  focus  of  these  algorithms  has 
been  the  generation  of  ice  floe  size 
distributions,  open  water  lead  locations,  sea  ice 
concentration  maps,  and  sea  ice  extent  (the 
location  of  the  boundary  between  open  water  and 
the  ice  pack)  which  may  assist  in  the  generation 
of  global  climate  models  helping  us  to  further 
understand  our  biosphere.  During  this  period 
several  research  teams  have  developed  algorithms 
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which  produce  both  the  total  and  fractional  sea 
ice  percentages  from  passive  microwave  data. 

Verification  of  the  results  generated  from 
these  sea  ice  concentration  algorithms  was 
performed  separately  by  various  research  teams. 
Their  approach  (when  ground  truth  data  was  not 
available)  has  been  to  compare  the  results 
produced  from  coincident  data  sets  collected  by 
multiple  sensors,  then  try  and  explain  any 
discrepancies  found.  High  resolution  aircraft  SAR 
systems  can  provide  such  a  verification  since  the 
generation  of  reliable  ice  concentration 
estimates  can  be  performed  [2].  These  studies 
show  that  the  high  spatial  resolution  associated 
with  SAR  Imagery  provides  the  ability  to 
delineate  individual  floes  and  leads  which  make 
the  determination  of  ice  concentration  easier. 

The  research  effort  reported  here  is  focused  on 
trying  to  determine  the  strengths,  weaknesses, 
and  accuracy  of  several  concentration  algorithms 
by  adopting  the  same  method.  The  approach  of  this 
analysis  is  to  compare  ice  concentration 
estimates  generated  by  four  of  the  most  widely 
used  concentration  algorithms  (i.e.  NASA/T earn. 
NASA/Comiso,  AES/York,  and  Navy)  to  ice 
concentration  estimates  produced  from  coincident 
high  resolution  SAR  data.  Since  the  potential  of 
imaging  radars  for  discriminating  sea  ice  types 
has  been  demonstrated  using  manual  photographic 
interpretation  techniques  [3],  the  SAR 
concentration  estimates  are  generated  manually 
from  a  SAR  photographic  mosaic. 

2.0  SYSTEM  AND  MISSION  DESCRIPTION 

The  current  SSM/I  Is  a  multichannel  passive 
microwave  radiometer  built  by  Hughes  Aircraft.  It 
was  designed  to  provide  synoptic  maps  of 
atmospheric,  oceanographic,  and  selected  land 
parameters  on  a  global  scale.  The  SSM/I  contains 
seven  linearly-polarized  channels  operating  at 
four  separate  frequencies  (i.e.,  both  horizontal 
and  vertical  polarization  at  19.3,  37.0,  and  8S.5 
GHz  and  vertical  polarization  at  22.2  GHz).  The 
SSM/I  satellite  Is  In  a  circular  sun- synchronous 
near-polar  orbit  at  an  altitude  of  approximately 
800  km.  The  orbit  period  is  102.0  minutes 
producing  14.1  full  orbit  revolutions  every  day. 
The  scanning  antenna  Is  tilted  at  a  45  degree 
angle  to  the  satellite  spin  axis  and  sweeps  out  a 
1400  km  wide  swath  in  1.9  seconds.  The 
resolution,  or  footprint,  of  the  SSM/I  brightness 
temperatures  varies  according  to  the  frequency, 
where  the  footprint  is  approximately  55.  49.  32. 


and  13  km  for  the  19.3,  22.2,  37.0,  and  85. 5  GHz 
channels  respectively  [1]. 

The  high  resolution  SAP  data  used  in  this 
analysis  was  generated  from  the  Naval  Air 
development  Center  (NAOC)  SAR  built  by  the 
Environmental  Research  Institute  of  Michigan 
(ERIM),  also  referred  to  as  the  NAOC/ERIM  P-3 
SAR.  The  NAOC/ERIM  P-3  SAR  is  a  multifrequency, 
polarimetric,  SAR  installed  in  a  U.S.  Navy  P-3 
aircraft.  It  is  a  side-looking  SAR  that  operates 
in  both  strip-map  and  spotlight  mode.  The  center 
frequencies  are  9.35  GHz.  5.30  GHz,  and  1.25  GHz 
corresponding  to  X,  l,  and  C  bands  respectively. 
The  system  is  capable  of  recording  polarimetric 
data  corresponding  to  all  of  the  elements  of  the 
polarization  matrix  (i.e.  HH,  VV,  HV,  and  VH 
polarizations)  where  transmit  and  receive 
polarizations  can  be  altered  on  a  pulse-by-pulse 
basis. 

The  remote  sensing  data  used  in  this 
comparison  consists  of  imagery  recorded  in  the 
Beaufort  Sea  on  both  18  and  19  March  1988  and  in 
the  Greenland  Sea  on  17  and  20  March  1989.  The 
SAR  data  was  recorded  with  an  azimuth  resolution 
of  2.8  meters  (the  direction  parallel  to  the 
flight  track)  and  a  range  resolution  of  3.2 
meters  (the  direction  orthogonal  to  the  flight 
track).  This  imagery  was  collected  at  C-band  with 
VV-polarization  and  is  coincident  to  the  SSM/I 
overflights. 

3.0  ICE  CONCENTRATION  ALGORITHM  DESCRIPTION 

The  four  concentration  algorithms  Included  in 
this  study  are  the  NASA/Team,  NASA/Comiso, 
AES/York,  and  Navy  ice  concentration  algorithms. 
The  NASA/Team  algorithm  is  a  multichannel 
concentration  algorithm  which  generates  both  the 
total  ice  percentage  as  well  as  the  multiyear  ice 
fraction.  It  utilizes  both  the  polarization  and 
spectral  gradient  ratios  from  the  19.3  and  37.0 
GHz  channels  to  determine  the  percentage  of 
multiyear  sea  ice  [4,5].  The  multichannel 
techniques  used  by  this  algorithm  were  adopted 
from  those  developed  for  the  multichannel  SMMR 
sensor  which  requires  a  unique  emissivity  for 
each  of  the  assumed  ice  types  within  the  scene. 
The  NASA/Team  algorithm  uses  the  'global*  set  of 
tie  points  listed  in  [4]  as  the  required  set  of 
emissivity  values.  The  NASA/Comiso  algorithm 
presented  in  this  analysis  is  also  a  multichannel 
algorithm  which  produces  the  total  Ice  percentage 
only  from  the  19.3  and  37.0  GHz  SSM/I  brightness 
temperatures.  However,  this  algorithm  is  less 
rigid  than  the  NASA/Team  algorithm.  It  allows  for 
modification  of  the  tie  points  representing  the 
emissivity  of  each  ice  type  taking  into  account 
the  spatial  and  temporal  variability  of  the 
physical  characteristics  associated  with 
different  areas  within  the  arctic  [6].  The 
AES/York  algorithm  was  designed  to  retrieve  not 
only  the  basic  SSM/I  parameter  of  total  sea  ice 
concentration,  but  also  identify  first-year, 
multiyear,  thin  ice,  and  open  water  within  the 
SSM/I  footprint.  Like  the  two  NASA  algorithms  it 
uses  both  the  19.3  and  37.0  GHz  channel  data  to 
determine  these  ice  types.  It  also  uses  fixed  tie 
points  representing  the  emlssivlties  of  each 
passive  microwave  ice  type  signature  [7].  The 
Navy  algorithm  is  a  tailored  version  of  the 
AES/York  algorithm.  It  generates  the  total  ice 
percentage  within  an  SSM/I  footprint  along  with 
the  predominate  ice  type  where  the  predominate 
ice  type  can  be  either  first-year  or  multiyear 
[lj.  Like  the  other  algorithms,  the  Navy 


algorithm  uses  both  the  19.3  and  37.0  GHz  ■ 

brightness  temperatures  to  determine  the  total  B 
ice  percentage.  This  algorithm,  along  with  the  ™ 
NASA/Comiso  algorithm,  is  used  primarily  for 
determining  sea  ice  extent  as  well  as  the  first-  _ 
year/multiyear  ice  pack  boundaries.  w 

4.0  ICE  CONCENTRATION  ALGORITHM  COMPARISON 

The  SAR  ice  concentration  estimates  are  ■ 

derived  manually  from  a  photographic  mosaic  whictB 
was  produced  by  optically  processing  the  digital  " 
SAR  data.  The  photographic  mosaic  represents  an 
area  of  continuous  SAR  coverage  on  approximately  _ 
a  3.0  meter  grid.  The  SAR  concentration  estimates^ 
are  produced  by  dividing  the  SAR  mosaic  into  a  B 
5.0  km  grid  and  manually  interpreting  the  total 
ice  percentage  along  with  the  multiyear,  first- 
year,  and  open  water  ice  fractions.  Sea  ice  ■ 
concentration  maps  are  then  generated  on  a  1  km  B 
grid  for  each  of  the  sea  ice  concentration  m 
estimates.  These  concentration  maps  are  produced 
using  a  two  dimensional  cubic  spline  m 

interpolation  scheme.  The  SSM/I  concentration  B 
maps  are  produced  from  data  collected  by  multipldH 
orbits  of  the  SSM/I  satellite  (orbits  spanning 
the  same  time  over  which  the  SAR  data  was 
collected).  Both  the  SAR  and  SSM/I  sea  ice  B 
concentration  maps  then  represent  a  one-to-one  B 
mapping  of  the  fractional  ice  type  over  a  given 
latitude  and  longitude  region. 

The  Beaufort  Sea  data  collected  on  18  and  19  a 
March  1988  represent  areas  of  100%  total  ice  B 
concentrations  where  the  18  March  mosaic  crosses  B 
the  first-year/multiyear  ice  pack  boundary  and 
the  19  March  mosaic  data  was  collected  in  the 
multiyear  ice  pack.  This  is  an  ideal  data  set  forB 
measuring  the  strengths  of  the  Navy  algorithm  B 
which  produces  a  total  ice  concentration  estimate 
along  with  the  predominate  ice  type.  Figure  1 
shows  the  multiyear  sea  ice  concentration  ■ 

estimates  for  three  of  the  concentration  B 

algorithms  (NASA/Team,  AES/York,  and  Navy)  along  " 
with  the  SAR  estimates  plotted  as  a  function  of 
latitude  for  the  18  March  mosaic  data  (remember  m 
the  18  March  mosaic  crosses  the  first -year/  B 
multiyear  ice  pack  boundary).  Notice  that  the  ■ 
AES/York  and  Navy  algorithm  estimates  track  the 
SAR  estimates  close  in  the  first-year  Ice  pack, 
while  the  NASA/Team  algorithm  estimates  are  B 
closer  to  the  SAR  estimates  in  the  multiyear  iceB 
pack.  Also  notice  that  all  three  algorithm 
estimates  are  higher  than  the  SAR  estimates 
(approximately  40%  to  50%  higher)  and  that  the  ■ 
NASA/Team  estimates  are  much  higher  than  the  SAR  B 
within  the  first-year  ice  pack  (approximately  30*B 
higher).  This  misclassification  of  first-year  ice 
by  the  NASA/Team  algorithm  is  probably  due  to  the_ 
pressure  ridges  associated  with  first-year  ice  inB 
the  Beaufort  Sea.  Figure  2  illustrates  the  B 
corresponding  plot  of  the  concentration  estimates 
as  a  function  of  latitude  for  the  19  March  mosaic 
data.  The  Navy  algorithm  estimates  the  entire  B 
area  as  100%  multiyear  sea  ice,  as  expected,  andfl 
the  AES/York  estimates  are  all  40%  to  50%  higher" 
than  the  SAR  estimates.  However,  the  NASA/Team 
algorithm  produced  multiyear  concentration  a 
estimates  consistent  with  the  SAR  estimates.  B 

The  Greenland  Sea  data  collected  on  17  and  20 B 
March  1989  represents  areas  of  the  Marginal  Ice 
Zone  (MIZ)  which  contains  varying  amounts  of  opei^ 
water,  first-year,  and  multiyear  sea  ice.  This  B 
data  is  good  for  testing  the  accuracy  of  the  B 
NASA/Team  and  AES/York  fractional  ice  type 
estimatas  along  with  the  total  ice  percentage. 


Figure  3  is  a  plot  of  the  total  ice  concentration 
estimates  versus  the  Corresponding  SAR  estimates 
for  the  17  March  1989  data.  The  key  on  the  plot 
illustrates  a  symbol  for  each  of  the  four 
algorithms  (the  NASA  Alg.  refers  to  the  NASA/Team 
algorithm  and  the  Comiso  Alg.  refers  to  the 
NASA/Comiso  algorithm)  along  with  the  slope  "a" 
and  y- intercept  "b“  of  the  linear  regression 
analysis.  Notice  that  the  linear  trend 
corresponding  to  each  of  the  algorithm  estimates 
is  relatively  close  to  the  line  with  slope  1.0 
and  y-intercept  0.0  (this  is  the  line  where  yx 
representing  an  exact  match  between  the  SAR  and 
SSM/I  estimates).  The  AES/York  estimates  provide 
the  best  match  while  the  NASA/Comiso  estimates 
have  a  slope  very  near  1.0  shifted  by  -9.096. 
Figure  4  illustrates  the  corresponding  plot  for 
the  20  March  1989  data.  Again,  this  plot  shows 
relatively  good  results  for  the  NASA/Team, 
AES/York,  and  Navy  algorithms  while  the 
NASA/Comiso  algorithm  tends  to  underestimate  the 
total  ice  concentrations.  Figures  5  and  6  show 
plots  of  multiyear  ice  concentrations  versus  the 
SAR  estimates  for  the  17  and  20  March  1989  data 
sets,  respectively.  These  plots  show  that  the 
Navy  algorithm  generates  ice  concentrations  that 
are  consistently  higher  than  the  SAR.  This  is 
expected  since  this  algorithm  generates  a  total 
ice  concentration  value.  Both  the  NASA/Team  and 
AES/York  algorithms  produce  multiyear  estimates 
that  are  consistently  lower  than  the  SAR.  This  is 
surprising  since  the  multiyear  estimates 
generated  for  the  Beaufort  Sea  data  were 
consistently  higher  than  the  SAR.  This  might  be 
due  to  different  characteristics  in  the  multiyear 
ice  signatures  between  the  two  locations,  or 
possibly  the  absence  of  pressure  ridges  from 
first-year  ice  in  the  HIZ  (remember  the  NASA/Team 
algorithm  misclassified  approximately  30%  of  the 
first-year  ice  as  multiyear  ice  on  the  18  March 
1988  Beaufort  Sea  data). 

5.0  CONCLUSIONS 

The  NASA/Team  algorithm  generated  multiyear 
ice  concentration  estimates  similar  to  the  SAR  in 
the  multi year  ice  pack  for  the  19  March  1988 
Beaufort  Sea  data  (mean  difference  of 
approximately. 6. 5%).  It  also  produced  a 
misclassification  error  of  approximately  30%  (due 
to  the  pressure  ridges)  In  the  first-year  ice 
pack  for  the  18  March  1988  Beaufort  Sea  data.  The 
AES/York  and  Navy  algorithms  were  not  affected  by 
the  pressure  ridges  in  the  first-year  sea  ice, 
both  produced  a  0%  multiyear  estimate  In  the 
first-year  ice  area.  Both  the  AES/York  and  Navy 
algorithms  were  able  to  distinguish  between  the 
first-year/multiyear  Ice  pack  boundaries,  but 
they  also  overestimate  the  ice  concentrations  in 
the  multiyear  pack.  The  total  Ice  concentration 
estimates  derived  from  the  17  and  20  March  1989 
Greenland  Sea  data  are  relatively  close  to  the 
SAR  estimates  for  the  NASA/Team,  AES/York  and 
Navy  algorithms.  Each  of  these  algorithms 
produced  a  Normalized  Standard  Error  (NSE)  less 
than  0.1,  where  the  NSE  Is  computed  as  the  mean 
difference  between  the  SSM/I  and  SAR  estimates 
divided  by  the  mean  square  of  the  SAR  estimates 
(NSE  equal  to  zero  means  no  difference  between 
the  SAR  and  SSM/I  derived  concentration  esti¬ 
mates).  The  NASA/Comiso  algorithm  underestimated 
the  total  Ice  percentage  for  the  20  March  1989 
data  (NSE  equals  0.2).  However,  a  much  larger 
discrepancy  was  found  (n  the  multiyear  estimates. 
The  Navy  algorithm  which  produces  a  total  Ice 


estimate  containing  mostly  multiyear  sea  ice 
generated  NSE  values  of  0.285  and  0.450  for  sc’.n 
the  17  and  20  March  Greenland  Sea  data 
respectively.  The  AES/York  algorithm  generated 
NSE  values  of  0.320  and  0.553,  and  the  NASA/Tean 
algorithm  NSE  values  were  0.467  and  0.681  for  the 
17  and  20  March  1989  Greenland  Sea  data 
respectively.  This  implies  that  even  though  the 
Navy  algorithm  generates  a  total  ice  estimate, 
the  estimates  are  closer  to  the  SAR  estimates 
than  the  NASA/Team  or  AES/York  algorithm 
estimates. 
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figure  1.  Multiyear  Concentration  Estimates  for 
NASA/Team,  Navy,  AES/York  and  SAR  Algorithms 
using  18  March  1988  Beaufort  Sea  Data. 


Figure  2.  Multiyear  Concentration  Estimates 
NASA/Team,  Navy,  AES/York  and  SAR  Algorithms 
using  19  March  1988  Beaufort  Sea  Oata. 
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Figure  3.  Total  Ice  Concentration  Estimates  vs  Figure  4.  Total  Ice  Concentration  Estimates  vs 

SAR  for  17  March  1989  Greenland  Sea  Oata.  SAR  for  20  March  1989  Greenland  Sea  Oata.  ■ 
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Figure  5.  Multiyear  Ice  Concentration  Estimates 
vs  SAR  for  17  March  1989  Greenland  Sea  Oata. 
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Figure  6.  Multiyear  Ice  Concentration  Estimates 
vs  SAR  for  20  March  1989  Greenland  Sea  Oata. 
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ABSTRACT 


The  application  of  a  simple  texture 
extraction  technique  to  synthetic  aperture 
radar  (SAR)  data  is  evaluated  for  its  util¬ 
ity  in  discrlminting  sea  ice  types  and  in 
mapping  geologic  units  and  structural  fea¬ 
tures.  When  applied  to  aircraft  SAR  data 
of  ice  covered  regions  in  the  Beaufort  Sea, 
this  algorithm,  based  on  local  gray  level 
statistics,  performed  almost  as  well  in 
classifying  major  ice  types  as  did  the 
spatial  gray  level  dependence  method,  and 
with  much  less  computation  time.  Applica¬ 
tion  of  this  technique  to  Seasat  imagery 
of  semi -mountainous  terrain  did  not  result 
in  any  enhancement  of  subtle  structural 
trends  or  lithologic  differences.  For  this 
application,  the  presence  of  specular  re¬ 
turns  must  be  addressed  and  additional  tex¬ 
ture  measures  considered. 


I .  INTRODUCTION 

Radar  imagery  of  a  scene  presents  information  in  the  form  of  image  tone, 
image  texture,  and  context.  All  three  are  used  simultaneously  by  the  human 
observer  for  visual  interpretation  of  the  scene;  one  or  the  other  may  domi¬ 
nate,  but  all  three  types  of  information  contribute  to  interpretabillty.  Most 
automated  procedures,  on  the  other  hand,  rely  on  image  tone  alone  for  inter¬ 
preting  remotely  sensed  data.  Tonal  information  is  immediately  available  from 
digital  pixel  values,  whereas  textural  information  must  be  derived  with  fur¬ 
ther  data  processing.  At  the  present  time,  this  added  computational  burden 
has  to  some  extent  restricted  the  use  of  texture  to  a  research  area  rather 
than  a  routine  analysis. 


Presented  at  the  International  Symposium  on  Remote  Sensing  of  Environment, 
Second  Thematic  Conference,  Remote  Sensing  for  Exploration  Geology,  Fort 
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Demonstration  studies  with  Landsat  imagery  have  shown  the  utility  of 
texture  for  both  feature  enhancement  (e.g.  ,  Irons  and  Peterson,  1981)  and 
classif  .nation  (e.g.,  Strahler,  et  al.,  1979).  Textural  analyses  have  been 
used  to  a  much  lesser  extent  with  radar  imagery  (e.g.,  Blom  and  Daily,  1982; 
Shanmugan,  et  al.,  1981;  Farr,  1982). 

However,  with  a  new  generation  of  single  channel  (one  frequency,  one 
polarization)  spaceborne  SAR  sensors  scheduled  for  launch  during  the  1980’ s, 
the  additional  information  gained  through  texture  analysis  may  prove  signifi¬ 
cant  for  petroleum  exploration  applications.  The  purpose  of  the  research 
described  here  is  to  apply  to  synthetic  aperture  radar  data  techniques  that 
are  currently  being  used  to  extract  textural  information  from  Landsat  MSS  and 
other  remotely  sensed  data.  Examples  are  presented  for  SAR  imagery  of  geo¬ 
logical  and  sea  ice  test  sites. 


II.  GENERAL  APPROACH 

Texture  can  be  thought  of  as  the  amount  and  frequency  of  tonal  variation 
in  a  unit  area.  In  a  SAR  image,  there  are  two  components  to  this  variation: 
geophysical  variation  and  coherent  speckle.  The  variation  related  to  the 
physical  properties  of  the  terrain  is  the  one  of  interest  here,  but  in  addi¬ 
tion,  the  coherent  SAR  imaging  process  itself  produces  spatial  fluctuations 
in  image  tone  known  as  speckle  which  can  mask  the  texture  of  the  imaged  sur¬ 
face.  The  first  step  in  SAR  texture  analysis  therefore  is  to  try  to  remove 
or  reduce  speckle. 

This  can  be  effected  in  basically  three  ways.  Speckle  can  be  reduced  by 
applying  one  of  a  number  of  empirically  developed  pre-processing  techniques. 
But  in  order  to  remove  speckle,  one  must  address  how  speckle  expresses  itself 
in  the  radar  return  and  then  either  apply  an  appropriate  pre-processing  tech¬ 
nique  (such  as  that  discussed  by  Frost,  et  al.  (1982))  or  account  for  the 
effect  of  speckle  on  the  texture  measure  itself  after  texture  extraction. 

The  next  step  for  several  texture  techniques  is  to  create  an  image  from 
the  original  data  that  represents  texture  information  only.  In  many  cases, 
uncompensated  SAR  system  effects  produce  tonal  variations  in  the  imagery  that 
can  prevent  automatic  interpretation  of  the  entire  scene  when  based  on  tone- 
dependent  features.  Separation  of  tone  from  texture,  by  using  a  high-pass 
filtering  technique,  for  example,  or  tone-independent  textural  features,  cir¬ 
cumvents  this  problem  and  also  creates  an  independent  channel  for  use  in 
multi-channel  classification  and  enhancement  routines. 

Deriving  quantitative  textural  features  is  the  next  step  for  which  a  wide 
variety  of  techniques  are  available  (e.g.,  Haralick,  1979).  A  technique  based 
on  local  grey-level  statistics  is  investigated  here  and  compared  to  the  spa¬ 
tial  grey-level  dependence  method  (SGLDM) .  These  are  applied  in  a  texture 
tranform  mode  (Haralick,  1975)  where  each  algorithm  operates  on  a  sliding 
pixel  window  to  produce  a  texture  feature  image  of  the  same  size  as  the  orig¬ 
inal.  Thematic  texture  maps  of  the  test  areas  are  then  obtained  by  level 
slicing  the  texture  feature  images.  These  maps  can  be  compared  to  ground 
truth  data  to  determine  the  classification  accuracy  of  each  texture  technique. 


III.  APPLICATION  TO  ICE  TYPE  MAPPING 

Manual  Interpretation  of  radar  imagery  is  currently  being  used  to  map 
ice  types  in  the  ice  covered  regions  of  the  Arctic  Seas.  These  interpreters 
distinguish  the  various  ice  types,  which  imply  ice  thickness,  on  the  basis  of 
the  tone,  texture,  and  shape  of  features  in  the  ice  field  (Mercer,  1981).  As 
the  demand  for  interpreted  radar  imagery  increases,  automatic  (i.e.,  computer 
assisted)  classification  procedures  will  be  required.  The  Investigation  of 
texture  extraction  algorithms  that  can  result  in  accurate  ice  type  classifica¬ 
tions  in  near  real-time  data  rates  is  an  essential  part  of  the  development  of 
operational  Arctic  ice  reconnaissance  remote  sensing  systems. 
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The  data  used  in  this  analysis  were  obtained  with  the  ERIM/CCRS  X-L  four- 
channel  SAR  in  March  1979  during  the  Canadian  SURSAT  project  in  the  Beaufort 
Sea  (Rawson,  et  al.,  1975:  Gray,  et  al.,  19821.  The  X-band,  parallel  polari¬ 
zation  data  were  selected  for  this  study  because,  of  the  four  channels,  this 
channel  provides  the  best  discrimination  of  ice  types  at  all  incidence  angles 
(Luther,  et  al.,  19821.  In  addition,  this  is  the  designated  frequency  and 
polarization  configuration  of  several  present  and  planned  operational  SAR 
systems.  The  optically  recorded  data  were  processed  in  ERlM's  Hybrid  Image 
Processing  facility  (Ausherman,  et  al.,  19751  so  as  to  generate  digital  image 
data.  The  study  area  chosen  contains  several  different  ice  types  as  shown  in 
the  digital  image  of  the  area  in  Figure  1.  Examination  of  the  imagery  shows 
that  different  ice  types  do  exhibit  different  textures.  The  area  shown  in 
Figure  1  is  approximately  3  km  x  3  km  in  extent  and  is  imaged  at  3  m  resolu¬ 
tion  (i.e.,  1  pixel  -  3  ml. 

Figures  2-4  show  the  results  of  the  three  steps  of  the  texture  extraction 
algorithm  as  applied  to  a  512  x  512  pixel  subimage  of  the  area  shown  in 
Figure  1.  The  first  step  was  to  reduce  the  effect  of  coherent  speckle  by 
using  a  median  filter  with  a  3  x  3  pixel  window  (Figure  21.  This  image  was 
then  high-pass  filtered  to  produce  an  image  that  represents  only  variations 
from  the  mean  tonal  values,  i.e.,  image  texture.  It  should  be  noted  that  at 
this  point,  the  image  shown  in  Figure  3  contains  only  those  spatial  frequen¬ 
cies  with  wavelengths  between  3  and  11  pixel  widths,  the  widths  of  the  median 
and  high-pass  filter,  respectively. 

In  order  to  quantify  the  image  texture  depicted  in  Figure  3,  the  local 
variance  was  calculated  at  each  point  over  a  15  x  15  pixel  sliding  window. 

The  result  of  this  texture  transform  was  then  level-sliced  to  produce  the 
thematic  texture  map  shown  in  Figure  4.  The  four  levels  correspond  to  low 
texture  (black!,  medium  texture  (light  gray),  high  texture  (dark  gray)  and 
saturated  values  (medium  gray).  In  general,  low  texture  would  be  associated 
with  first-year  (FY)  ice,  medium  texture  with  multi-year  (MY)  ice,  and  high 
(and  saturated)  texture  values  with  rough  FY  and  MY  ice.  The  actual  classifi¬ 
cation  accuracy  of  the  texture  map  (Figure  4)  is  indicated  in  Table  I.  No 
attempt  was  made  to  discriminate  second-year  (SY)  ice  on  the  basis  of  this 
single  texture  measure  because  of  the  small  amount  of  SY  ice  present  in  the 
study  area  and  because  of  the  difficulty  trained  ice  interpreters  themselves 
have  in  identifying  this  ice  type. 

In  a  previous  investigation,  the  spatial  gray  level  dependence  method 
(SGLDM)  had  been  used  with  this  same  data  set  (Holmes,  et  al.,  1983:  Luther, 
et  al.,  1982).  A  result  of  that  analysis,  a  thematic  map  of  the  texture  mea¬ 
sure  "average  inertia",  is  shown  in  Figure  5.  The  decision  to  investigate 
texture  extraction  techniques  other  than  the  SGLDM  was  prompted  in  part  by 
the  fact  that  generation  of  the  1024  x  1024  pixel  image  in  Figure  5  required 
several  hours  computation  whereas  generating  an  image  of  the  same  size  using 
the  "variance"  technique  would  require  less  than  1  hour  of  computation  on  the 
same  computer  facility. 

With  respect  to  the  relative  classification  accuracy  of  the  two  tech¬ 
niques,  comparison  of  Tables  I  and  II  indicates  that  the  SGLDM  performs  only 
slightly  better  on  this  data  set  than  the  "variance"  technique  for  the  major 
ice  types  of  interest,  i.e.,  FY  and  MY.  These  results  imply  that,  given  the 
considerations  of  accuracy  and  timeliness,  the  simpler  "variance"  technique 
would  be  preferable  in  an  operational  ice  mapping  system. 


IV.  APPLICATION  TO  GEOLOGIC  MAPPING 

The  purpose  of  this  phase  of  the  investigation  was  to  evaluate  the  util¬ 
ity  of  the  variance  technique  developed  for  analysis  of  SAR  sea  ice  data  for 
mapping  geologic  features.  The  geologic  test  site  imagery  chosen  for  this 
analysis,  shown  in  Figure  6,  is  a  1024  x  1024  pixel  subimage  of  Seasat  scene 
Evanston,  Wyoming,  Revolution  502  covering  approximately  300  km*.  The  geo¬ 
logic  information  content  of  the  entire  Seasat  scene  has  been  studied  in  some 
detail  (Johnson,  et  al.,  this  proceedings).  A  geologic  schematic  of  the  test 
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site,  presented  in  Figure  7,  indicates  four  major  lithologic  units,  which 
correspond  to  areas  with  subtle  textural  differences  in  the  imagery,  and  sev¬ 
eral  strongly  expressed  structural  trends.  The  aim  of  this  analysis  was  thus 
to  determine  if  a  "variance"  texture  transform  would  aid  in  either  discrimi¬ 
nating  lithologic  units  or  enhancing  less  prominent  structural  trends. 

Prior  to  obtaining  a  texture  transform,  the  image  was  median  filtered 
over  a  3  x  3  pixel  window  to  reduce  the  effect  of  coherent  speckle.  In  this 
case,  a  high-pass  filter  was  not  applied  because  this  was  found  to  heavily 
emphasize  the  already-prominent  structural  trends.  To  obtain  a  mean- 
independent  texture  measure,  the  local  variance  was  divided  by  the  local  mean 
squared,  both  calculated  over  an  11  x  11  pixel  window. 

The  texture  transform  of  the  test  site  image  and  the  level  sliced  version 
are  shown  in  Figures  8  and  9,  respectively.  Comparison  of  the  "normalized 
variance"  images  with  the  original  (Figure  61  shows  that  the  already  prominent 
structural  features  are  enhanced  even  further,  but  no  enhancement  of  litho¬ 
logic  differences  is  obtained.  These  results  indicate  that  SAR  sensitivity 
to  slopes  is  an  important  factor  in  the  application  of  this  texture  extraction 
technique  and  that  other  preprocessing  and  texture  algorithms  need  to  be  in¬ 
vestigated,  especially  if  discrimination  of  lithologic  units  is  desired. 


V .  SUMMARY 

This  paper  has  investigated  the  application  of  a  simple  texture  extrac¬ 
tion  technique  to  SAR  imagery  of  sea  ice  and  semi -mountainous  terrain.  It 
was  found  for  sea  ice  that  this  algorithm,  based  on  the  calculation  of  local 
gray  level  statistics  (specifically  variance! ,  performed  as  well  as  the  spa¬ 
tial  gray  level  dependence  method  for  classification  of  major  ice  types.  Be¬ 
cause  this  technique  is  also  much  faster  to  execute,  it  shows  potential  for 
use  in  operational  mapping  of  sea  ice  thickness.  Its  use  in  conjunction  with 
image  tone-based  discrimination  methods  has  yet  to  be  investigated. 

When  applied  to  the  geologic  test  site,  the  "normalized  variance"  tex¬ 
tural  transform  enhanced  large-scale  structural  features  of  the  study  area, 
with  the  thematic  display  improving  the  ease  of  interpretation.  However, 
specular  returns  presented  a  serious  obstacle  to  capturing  the  more  subtle 
texture  variations  related  to  lithologic  differences  and  less  prominent  struc¬ 
tural  features. 


VI .  REFERENCES 

Ausherman,  D.A. ,  W.D.  Hall,  J.N.  Latta,  and  J.S.  Zelenka,  Radar  Data  Process¬ 
ing  and  Exploitation  Facility,  Proceedings  of  the  IEEE  International  Radar 
Conference ,  Washington,  D.C. ,  197$. 

Blom,  R.G.  and  M.  Daily,  Radar  Image  Processing  for  Rock-Type  Discrimination, 
IEEE  Trans,  on  Geoscience  and  Remote  Sensing.  GE-20 .  pp.  343-351,  1982. 

Farr,  T.B.,  Geologic  Interpretation  of  Texture  in  Seasat  and  SIR-A  Radar 
Images,  Proc.  ISPRS  Int.  Symposium,  Commission  VII,  Toulouse,  France,  pp.  261- 
270.  1987! 

Frost,  V.S.,  J . A.  Stiles,  K.S.  Shanmugan,  and  J.C.  Holzman,  A  Model  for  Radar 
Images  and  Its  Application  to  Adaptive  Digital  Filtering  of  Multiplicative 
Noise,  IEEE  Transactions  on  Pattern  Analysis  and  Machine  Intelligence.  PAM1-4, 
pp.  i57-r$5.  mi. -  - —  - 

Gray,  A.L.,  R.K.  Hawkins,  E.E.  Livingstone,  L.  Drapier  Arsenault  and 
W.M.  Johnstone,  Simultaneous  Scatterometer  and  Radiometer  Measurements  of 
Sea-Ice  Microwave  Signatures,  IEEE  J.  Oceanic  Eng.,  OE-7 .  pp.  20-32,  1982. 


864 


Haralick,  R.M. ,  A  Resolution  Preserving  Textural  Transform  for  Images,  Pro¬ 
ceedings  of  the  IEEE  Conference  on  Computer  Graphics,  Pattern  Recognition. 
and  Data  Structure,  fteverly  Hills,  CA,  1975. 

Haralick.  R.M. .  Statistical  and  Structural  Approaches  to  Texture,  Proc.  IEEE. 
67.  pp.  786-804,  1979.  '  ” 

Holmes,  Q.A. ,  D.R.  Nuesch,  and  R.A.  Shuchman,  Textural  Analysis  and  Real-Time 
Ciassi f ication  of  Sea  Ice  Types  Using  Digital  SAR  Data,  IEEE  Trans,  on  Geo¬ 
science  and  Remote  Sensing.  1983,  in  press.  “ 

Irons,  J.R.  and  G.W.  Peterson,  Texture  Transforms  of  Remote  Sensing  Data, 
Remote  Sensing  of  Environment.  11 ,  pp.  359-370,  1981. 

Johnson,  K.I.,  E.S.  Kasischke,  and  B.A.  Burns,  An  Evaluation  of  Seasat  SAR 
Data  as  a  Tool  for  Geologic  Mapping  in  the  Overthrust  Belt  of  Wyoming -Utah- 
Idaho.  presented  at  the  Internal  Symposium  on  Remote  Sensing  for  Exploration 
Geology .  Fort  Worth,  Texas,  December  6-l0,  1982,  this  proceedings. 

Luther,  C.A.,  J.D.  Lyden,  R.A.  Shuchman,  R.W.  Larson,  Q.A.  Holmes, 

D.R.  Nuesch,  R.T.  Lowry,  and  C.E.  Livingstone,  Synthetic  Aperture  Radar  Stud¬ 
ies  of  Sea  Ice,  presented  at  the  IEEE  International  Geoscience  and  Remote 
Sensing  Symposium  (IGARS  '821,  Munich ,  June  1-4,  1982. 

Mercer,  J.B. ,  R.T.  Lowry,  and  S.K.  Leving,  Experimental  Use  of  Real-Time 
Imagery  in  Support  of  Oil  Exploration  in  the  Beaufort  Sea,  Proceedings  of  the 
Sixth  Canadian  Symposium  on  Remote  Sensing,  Halifax,  Nova  Scotia,  19ofl. 

Rawson,  R-,  F.  Smith,  and  R.  Larson,  The  ERIM  X-  and  L-Band  Dual  Polarized 
Radar,  Proceedings  IEEE  International  Radar  Conference,  Arlington,  VA,  pp. 
505-510,  1975": — 

Shanmugan,  K.S.,  V.  Narayanan,  V.S.  Frost,  J.A.  Stiles,  and  J.C.  Holtzman, 
Textural  Features  for  Radar  Image  Analysis,  IEEE  Transactions  on  Geoscience 
and  Remote  Sensing,  GE-19.  pp.  153-156,  1981. 

Strahler,  A. H. ,  T.L.  Logan  and  C.E.  Woodcock,  Forest  Classification  and  Inven 
tory  System  Using  Landsat  Digital  Terrain,  and  Ground  Sample  Data,  Proc . 
Thirteenth  Int.  Symp.  Remote  Sens.  Environ.,  Ann  Arbor,  MI,  pp.  1541-1557 , 
1979. 


865 


Figure  1.  X-band  SAR  imagery  of  the  sea 
ice  study  area.  Designated 
ice  types  are:  FY=first  year: 
FYR=first-year  rough;  SY= 
second  year;  MY=multi-year; 
and  MYR=mu1ti-year  rough. 


Figure  3.  This  image  resulting  from  high- 
pass  filtering  of  the  median- 
filtered  image  displays  the 
textural  differences  in  the 
ice  types. 


Figure  2.  Median-filtered  subimage  of 
the  study  area. 


Figure  4.  Thematic  texture  map  based 
on  the  variance  transform  of 
the  image  in  Figure  3.  The 
classification  key  for  the 
map  is:  black*FY;  light 
gray'MY;  dark  and  medium 
gray-both  FYR  and  MYR. 
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TABLE  I.  CLASSIFICATION  ACCURACY  -  VARIANCE  APPROACH 


ASSIGNED  CATEGORY 

FY 

SY 

MY 

FYR 

MYR 
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NA 
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NA 
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Figure  5.  Thematic  texture  map  of  “  average 
Inertia"  produced  with  the  spatial 
gray-level  dependence  method 
{from  Holmes,  et  al.,  1983).  The 
area  Is  that  shown  In  Figure  1. 
Classification  key  for  this  map  Is: 
black*FY;  dark  gray-SY;  medium  gray* 
MY;  and  light  gray  and  whlte-MYR. 


TABLE  II.  CLASSIFICATION  ACCURACY  -  SGI  APPROACH 


FY 

>- 

ac 

3 

SY 

m 

5 

MY 

2 

FYR 

►— 

MYR 

TOTAL 

ASSIGNED  CATEGORY 

FY 

SY 

MY 

FYR 

MYR 

11 

10 

5 

NA 

5 

0 

1 

1 

NA 

2 

1 

2 

37 

NA 

48 
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0 

1 

NA 

1 

0 

0 

1 

NA 

36 

12 

13 

45 

NA 

92 

Figure  6.  Seasat  SAR  Imagery  of 
geologic  test  site  near 
Evanston,  Wyoming. 


Figure  7.  Geologic  schematic  of  test 
site.  Te'Green  River  and 
Wasatch  Fins.;  Kul'Frontler  Fn. ; 
K1  “Aspen  and  Bear  River  Fms. 


Figure  8.  Normalized  variance 

texture  Image  of  test  site 
obtained  after  median 
filtering  the  original 
Seasat  data. 
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Figure  9.  Thematic  map  based  on 

normalized  texture  Image 
In  Figure  8.  Only  structural 
features  with  strong  expres¬ 
sion  In  the  original  data 
are  enhanced. 
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ABSTRACT 


Computer-assisted  techniques  have 
been  developed  to  obtain  geophysical 
parameters  from  synthetic  aperture 
radar  (SAR)  image  data  of  sea  ice. 

The  algorithms  developed  to  produce 
estimates  of  ice  field  motion,  floe 
size  distribution  and  ice  concentration 
utilize  varying  degrees  of  manual 
interpretation  integrated  with  mini¬ 
computer  and  micro-computer  computations. 
These  techniques  are  illustrated  with 
applications  to  data  obtained  during  the 
1983  and  1984  Marginal  Ice  Zone 
Experiments . 


1.  INTRODUCTION 

Synthetic  Aperture  Radar  (SAR)  systems  on  spaceborne  platforms  will  rou¬ 
tinely  monitor  the  polar  oceans  within  the  next  decade.  The  high  resolution 
imagery  obtained  from  these  systems  will  contain  information  on  motion  and 
morphology  of  the  ice  fields,  ice  extent  and  concentration ,  and  ice  floe  size 
distributions,  all  of  which  are  important  parameters  for  navigation  in  these 
regions  as  well  as  for  global  climate  studies.  Techniques  have  been  developed 
at  ERIM  to  obtain  quantitative  measures  of  these  geophysical  parameters  from 
aircraft  SAR  data  that  make  use  of  current  micro-computer  and  image  processing 
capabilities. 

These  techniques  include  both  manual  interpretation  of  the  SAR  mosaics 
with  the  results  entered  into  a  micro-computer  for  quantitative  analysis,  as 
well  as  more  sophisticated  image  processing  of  entire  digital  scenes  that 
essentially  does  not  rely  on  a  human  interpretation.  These  two  approaches 
have  been  applied  to  the  problem  of  determining  sea  ice  concentration  (percent 
ice  cover);  the  SAR  ice  kinematics  and  floe  size  distribution  algorithms  pre¬ 
sented  here  utilize  the  manual  interpretation/mini-computer  technique. 

2.  ICE  KINEMATICS 

The  location  of  the  boundary  between  ice-covered  and  ice-free  water  (the 
ice  edge)  in  polar  regions  is  a  critical  parameter  to  ship  navigators, 
fishing  parties  and  climate  modelers  alike.  The  position  of  the  ice  edge  and 
its  motion  is  a  very  complex,  not  fully  understood,  response  to  the  interac¬ 
tion  between  ocean  currents,  atmospheric  winds,  and  the  ice  field.  Floes 


^Presented  at  the  Nineteenth  International  Symposium  on  Remote  Sensing  of 
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within  the  ice  edge  likewise  respond  to  atmospheric  and  oceanic  forces  through 
surface  drag.  Only  with  SAR  can  the  position  and  motion  of  the  ice  edge  and 
distinguishable  floes  be  monitored  regardless  of  weather  conditions  with  an 
accuracy  of  a  few  km's.  Multi-temporal  SAR  mosaics,  obtained  of  the  same  area 
over  a  period  of  several  days,  allow  ice  features  to  be  tracked  and  have 
served  as  the  basis  for  developing  an  ice  kinematic  algorithm. 

2 . 1  PROCEDURE 

The  basis  of  the  ice  kinematics  algorithm  is  an  analysis  of  the  SAR 
imagery  to  obtain  positional  information  in  the  form  of  latitude-longitude 
plots  of  identified  ice  features.  All  points  are  registered  to  a  latitude- 
longitude  system  using  a  ship  or  other  point  of  known  geographic  position  to 
fix  the  reference  system  and  the  common  features  in  adjacent  aircraft  passes 
as  tie  points  between  mosaic  strips.  Specifically,  the  following  procedure 
is  carried  out. 

1.  Identify  floe  and  edge  features.  For  deriving  floe  vector  fields, 
the  floe  centers  are  used  to  avoid  errors  due  to  rotation. 

2.  Identify  tie  points  between  SAR  passes.  Due  to  ice  motion  during  the 
interval  between  SAR  passes  (typically  20  minutes)  an  error  of  at  most 
1.5  km  is  introduced  at  this  step. 

3.  Identify  location  of  ship  or  other  absolute  latitude-longitude  refer¬ 
ence.  The  SATNAV  systems  onboard  ships  give  positions  with  an  accu¬ 
racy  of  approximately  500  m. 

For  each  pass: 

4.  Digitize  all  points  from  SAR  image  film.  This  step  utilizes  a 
DIGI-PAD  5  digitizer  interfaced  to  a  Zenith  Z-100  micro¬ 
computer.  A  software  package  for  the  digitizer,  developed  at  ERIM, 
converts  the  image  into  an  array  of  Cartesian  coordinates  and  stores 
the  information  on  floppy  disk  as  well  as  plotting  it  on  the  monitor 
screen  as  it  is  recorded  so  the  person  digitizing  can  immediately  view 
their  progress. 

5.  Transform  to  ground  coordinates.  Time  delay  and  aircraft  height  in¬ 
formation,  as  well  as  the  image  film  scale  in  km,  are  entered  at  this 
point  to  convert  from  x,y  coordinates  in  cm's  on  the  image  film  to  x, 

y  coordinates  in  km's  on  the  earth's  surface.  Given  image  coordinates 
(x,y)  with  x  in  the  range  direction,  ground  plane  coordinates  (xg»Vg) 
are  given  by  b 


where  XgQ  is  the  ground  plane  coordinate  for  the  reference  point 
xQ  of  that  pass,  sf  «  film  scale  factor  (km/cm),  TD  «  time  delay  to 
x0,  c  *  speed  of  light,  and  h  -  aircraft  height  above  the  surface. 

Repeat  steps  4  and  5  for  successive  passes. 

6.  Rotate  ground  coordinate  system  to  align  with  latitude-longitude 
coord  inates . 


7.  Transform  Co  latitude-longitude  coordinates  using  known  coordinates 
of  ship.  Account  is  taken  of  both  the  earth's  curvature  and  flatten¬ 
ing  such  that  the  equations  for  0  (latitude)  and  (longitude)  are: 

6  -  fl(ship)  +  (y  -  y  (ship)/111.2  km/deg. 

o  © 

°  =  w(ship)  +  (x  -  x  (sh ip) ) / (cos  0  111.2  km/deg.) 

o  o 

8.  Plot  (if  required). 

Positional  accuracy  obtained  using  this  procedure  with  3-m  resolution  SAR 
images  is  approximately  +1  km.  The  procedure  is  repeated  for  imagery  from 
subsequent  missions,  and  coordinates  derived  from  successive  mosaics  for  com¬ 
mon  features  are  combined  to  derive  a  vector  field  of  the  ice  motion. 

2 . 2  RESULTS 

An  ice  edge  and  floe  vector  plot  obtained  with  this  procedure  is  shown  in 
Figure  1.  These  results  are  from  an  analysis  of  3.2  and  23.5  cm  wavelength 
(X-  and  L-band)  imagery  collected  during  the  1984  Marginal  Ice  Zone  Experiment 
(MIZEX)  by  the  ERIM  CCRS  CV-580  SAR  system  on  5  and  7  July.  In  this  two-day 
interval,  the  mean  ice-edge  shifted  approximately  7  km  to  the  west  as  seen  in 
the  SAR  data.  The  floe  vectors  show  a  mean  speed  of  35  cm/s  to  the  south- 
southwest,  indicating  that  the  southerly,  approximately  40  cm/s,  East- 
Greenland  current  is  the  primary  force  acting  on  the  floes.  These  motions 
need  to  be  examined  in  the  context  of  measurements  of  local  surface  current, 
wind,  and  regional  current  patterns. 

3.  FLOE  SIZE  DISTRIBUTION 

The  size  distribution  of  ice  floes  in  the  marginal  ice  zone  (MIZ)  is  an 
indication  of  the  degree  of  interaction  between  ocean  swell  and  the  pack  ice 
as  well  as  the  rheology  of  the  ice  itself.  Changes  in  the  distribution  repre¬ 
sent  changes  in  the  level  or  extent  of  this  interaction.  Floe  size  distribu¬ 
tion  as  a  function  of  distance  from  the  ice  edge  is  therefore  an  important 
parameter  needed  to  characterize  the  MIZ  at  any  given  time  or  location. 

Floe  size  distributions  have  been  derived  from  SAR  data  using  two 
approaches.  The  first  approach  uses  a  sampling  method  that  does  not  require 
the  SAR  data  to  be  geometrically  rectified  and  therefore  can  be  used  in  the 
case  where  the  data  are  not  areally  extensive  (i.e.,  consist  of  a  single  image 
strip).  The  second  approach  incorporates  a  slant-to-ground  range  correction 
to  derive  floe  statistics  from  digitized  floe  boundaries  and  therefore  re¬ 
quires  entire  floes  to  be  included  in  the  imagery. 

3.1  APPROACH  #1 

The  data  set  used  in  this  analysis  was  obtained  by  the  CV-580  on  11  July 
1983  and  consists  of  one  line  of  X-band  SAR  imagery  which  extends  100  km  into 
the  ice  from  the  ice  edge  and  one  line  of  coincident  aerial  photography 
(Figure  2).  The  aerial  photos  were  taken  with  a  Hasselblad  camera  from  an 
altitude  of  420  m,  resulting  in  a  film  image  scale  of  1:10450.  It  was  ini¬ 
tially  thought  that  the  aerial  photography  would  serve  as  surface  truth  for 
floe  size  distribution  estimates  made  from  SAR  imagery.  But  as  will  be  seen, 
in  this  case  the  information  obtained  from  the  two  sensors  is  complementary 
rather  than  redundant. 

The  method  used  to  determine  floe  size  distribution  from  both  SAR  imagery 
and  aerial  photography  is  one  of  several  described  by  Rothrock  and  Thorndike 
(1984).  In  this  method,  randomly-oriented  lines  are  dr aim  through  the  image 
and  the  length  of  each  line  segment  that  lies  on  a  single  ice  floe  is  measured 
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manually.  The  number  of  line  segments  with  length  greater  than  or  equal  to  a 
given  value  (c),  divided  by  the  total  length  of  the  sampling  lines,  then  de¬ 
fines  the  cumulative  chord  distribution  M(c).  To  account  for  edge  effects, 
sample  lines  are  restricted  to  fall  within  an  area  whose  boundaries  cross 
floes  that  are  wholly  within  the  image  (see  Figure  3).  For  floes  that  are 
only  partially  within  this  sampling  area,  only  the  fraction  of  the  line  seg¬ 
ment  within  the  area  contributes  to  M(c),  but  at  values  of  c  less  than  or 
equal  to  the  total  length  of  the  line  segment. 

To  obtain  chord  samples  for  the  aerial  photography,  six  sampling  lines 
were  drawn  on  each  image;  the  beginning  and  end  positions  of  each  line  within 
a  grid  superimposed  on  the  image  (Figure  3)  were  chosen  from  a  random  number 
table.  M(c)  was  then  determined  by  combining  measurements  along  each  sampling 
line  and  the  total  length  of  all  sampling  lines. 

To  obtain  the  floe  size  distribution  from  the  SAR  imagery,  three  50-km 
sampling  lines  were  drawn  (see  Figure  2)  all  parallel  to  the  along-track 
direction  and  spaced  approximately  1.5  km  apart.  Although  not  a  random  orien¬ 
tation,  this  configuration  did  allow  adequate  sampling  of  the  largest  floes 
and  did  not  require  that  the  geometric  distortion  in  the  range  direction  be 
corrected.  The  chord  histogram  derived  from  the  SAR  imagery  is  also  shown  in 
Figure  2. 

The  floe  size  distribution  N(p),  the  number  of  floes  per  unit  area  with 
diameters  greater  than  or  equal  to  p,  can  be  related  to  M(c)  through  the  in¬ 
tegral  equation  (Rothrock  and  Thorndike  [Eq.  4]) 

N (P)  «  \  /  ( c2  -  p2)"1/2  dM(c)  .  (1) 

c«p 

This  transformation  is  based  on  the  assumption  that  the  joint  probability 
function  of  chords  and  diameters  for  circular  floes  is  a  good  approximation 
for  all  floes. 


The  chord  distribution  M(c)  as  determined  from  measurement  data  does  not 
have  a  functional  form  but  is  discrete.  Equation  (1)  must  therefore  be  ex¬ 
pressed  in  a  discrete  form,  which  is  also  required  for  computer  computations. 
Writing  m(c)  =  dM(c)/dc,  and  assuming  m(c)  to  be  constant  over  small  intervals 
^c ,  we  have 


N(p)  -  2  I  ®<c) 


/' 


c+^c 


dc 


c- p 


f  ^  m(c)  log, 


C  +  4C  + 


"V (c  +  Ac)2  -  p^ 


C- P 


C  + 


(2) 


At  present,  a  smooth  curve  is  fit  to  the  plot  of  M(c)  manually,  and  the 
resulting  M(c)  serves  as  the  input  to  the  N(p)  computer  calculation.  This 
smoothing  is  necessary  to  assure  that  the  first  derivative  m(c)  and  N(p)  are 
monotonic  functions.  The  best  fits  to  M(c)  are  obtained  from  log-log  plots 
(log  M(c)  vs.  log  c)  or  semi-log  plots  (log  M(c)  vs.  c) .  Software  is  cur¬ 
rently  being  developed  to  obtain  M(c)  with  computer  also.  All  routines  in 
this  algorithm  run  on  a  Z-100  micro-computer. 


Floe  size  distributions  were  calculated  for  two  sets  of  aerial  photos, 
each  set  consisting  of  three  closely  spaced  but  non-overlapping  frames.  Mea¬ 
surements  from  the  three  frames  were  combined  in  order  to  obtain  sufficient 
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statistics  for  the  floe  size  distribution  calculation.  (Statistics  were  con¬ 
sidered  "sufficient"  when  M(c)  appeared  well  defined.)  The  two  sets  repre¬ 
sented  two  regimes  of  floe  sizes,  as  indicated  by  the  histograms  in  Figure  4, 
one  at  20  km  from  the  ice  edge  and  one  at  40  km  from  the  edge. 

The  floe  size  distributions  derived  from  the  three  data  sets  are  shown 
together  in  Figure  5.  As  expected,  the  plot  does  show  an  increase  in  floe 
size  with  increased  distance  from  the  ice  edge.  It  also  demonstrates  the 
complementarity  of  the  aerial  photography  and  SAR  data  obtained  on  this  mis¬ 
sion.  Near  the  ice  edge  where  the  radar  signature  of  ice  floes  is  very  uni¬ 
form,  SAR  cannot  resolve  the  individual  floes  due  to  low  contrast.  For  these 
areas,  however,  the  floe  size  distribution  can  be  obtained  from  the  aerial 
photography.  Further  from  the  ice  edge  within  the  less  homogeneous  region 
containing  vast  floes,  sampling  problems  arise  with  the  aerial  photography 
where  a  few  or  even  one  floe  can  fill  a  single  frame.  But  here  single  floes 
can  be  resolved  in  the  SAR  imagery,  and  because  of  its  wider  coverage,  the 
floe  size  distribution  can  be  obtained. 

3.2  APPROACH  #2 

This  approach  to  deriving  floe  statistics  from  SAR  is  illustrated  with  an 
image  obtained  30  June  1984  during  MIZEX  '84  with  the  CV-580  SAR.  The  image 
and  the  map  of  the  outlines  as  plotted  from  the  digitizer  data  are  shown  in 
Figures  6  and  7,  respectively.  As  in  the  kinematics  routine,  the  aircraft 
height  and  time  delay  information  and  the  image  scale  are  input  to  a  routine 
that  operates  on  the  floe  outline  map  (not  the  image  itself)  to  convert  it  to 
x,  y  coordinates  (in  km)  in  the  ground  plane.  Floe  statistics  are  based  on  a 
calculation  of  the  area  of  each  floe  which  requires  the  x,  y  coordinate  of 
one  point  within  each  floe  as  well  as  the  coordinates  of  the  floe  boundary. 
The  area  is  computed  using  a  simple  numerical  integration  technique  in  which 
each  floe  is  divided  into  sectors  defined  by  two  boundary  points  (A  and  B) 
and  the  interior  point  (C) .  [See  illustration  below.] 
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The  area  of  each  sector,  K,  is  computed  using  Heron's  formula  given  in 
Standard  Math  Tables  as 

K  - 

where  s  -  1/2  (a  +  b  +  c)  and  the  lengths  of  a,  b,  and  c  (defined  in  the  above 
illustration)  are  Euclidean  distances  computed  from  the  x,  y  coordinate  data. 
The  area  of  the  floe  is  then  the  sum  of  all  K.  The  floe  perimeter  is  calcu¬ 
lated  as  the  sum  of  the  distance  c  around  the  exterior  of  the  floe,  and  the 
diameter  of  the  floe  is  computed  as  the  perimeter  divided  by  ».  Correspon¬ 
dence  between  floe  sizes  measured  on  SAR  imagery  and  aerial  photos  has  been 
evaluated  using  other  imagery  and  found  to  be  within  10  percent  on  average. 


Figure  8  shows  the  histogram  of  floe  diameters  for  the  SAR  image  in 
Figure  6.  To  convert  these  data  to  a  cumulative  distribution  comparable  to 
Figure  5  requires  normalizing  by  the  area  and  accounting  for  boundary  effects 
as  in  the  determination  of  M(c)  in  Approach  #1. 

4.  ICE  CONCENTRATION 

The  percent  ice  cover  per  unit  area  is  a  critical  parameter  in  heat  and 
mass  balance  calculations  for  climate  modeling,  in  predicting  biological  pro¬ 
duction  in  these  regions,  as  well  as  in  navigation.  Derivation  of  ice  concen¬ 
tration  estimates  from  SAR  data  relies  on  the  large  reflectivity  difference 
(  10  dB)  between  sea  ice  and  open  water.  At  present,  efforts  have  been 
directed  at  developing  algorithms  to  give  total  ice  concentration,  i.e.,  per¬ 
cent  ice  cover  regardless  of  ice  type.  Future  work  will  involve  development 
of  SAR  algorithms  analogous  to  those  now  used  with  passive  microwave  data 
(Cavalieri,  et  al.,  1984;  Swift,  et  al.,  1985)  to  gives  first-year  and  multi¬ 
year  fraction  as  well. 

4 . 1  METHODS 

The  computer-assisted  manual  analysis  described  in  the  previous  section, 
in  whch  floe  areas  are  calculated,  has  been  used  to  obtain  ice  concentration 
estimates  from  single  SAR  scenes  or  from  aerial  photographs.  However,  the 
primary  emphasis  of  algorithm  development  in  this  area  is  on  analysis  of  dig¬ 
ital  SAR  data  with  a  minimum  of  interpreter  input.  The  manual  analysis  of 
aerial  photography  serves  as  "surface  truth"  for  the  SAR  digital  agorithm. 

The  digital  algorithm  as  developed  thus  far  is  similar  to  that  used  with 
passive  microwave  data  in  that  it  assumes  that  image  intensity  given  at  each 
pixel  is  linearly  related  to  the  ice  concentration  in  the  surface  area  repre¬ 
sented  by  that  pixel.  However,  the  high  resolution  (approximately  3  m)  of 
the  SAR  data  means  that  very  few  pixels  contain  contributions  from  both  ice 
and  water.  And  although  sea  ice  backscatter  cross-sections  have  a  wide  dis¬ 
tribution  about  the  mean  relative  to  open  water  due  to  natural  variability, 
the  cross-section  difference  between  ice  on  the  average  and  water  is  so  great 
(  10  dB)  that  the  confusion  level  between  ice  and  water  pixels  should  be  very 
low.  But  SAR  image  pixels  effectively  become  mixed  due  to  imaging  effects  of 
speckle  noise  and  integrated  sidelobes  to  the  extent  that  the  image  histogram 
is  unimodal  rather  than  bimodal  (see  Figure  9).  For  these  reasons,  the  gen¬ 
eral  mixed-pixel  relationship,  given  by 

1  "  C  7ICE  +  (1  C)^WAT 

where  C  -  total  ice  concentration,  I  *  pixel  intensity,  and  and  Twat  are 

mean  intensity  values  for  ice  and  open  water,  is  applied  not  to  the  entire 
range  of  the  SAR  image  intensities  but  only  to  those  where  *  1  *  TICE' 

The  ice  concentration  algorithm  operates  on  the  image  histogram  N(I) 
rather  than  the  image  itself  to  produce  a  single  value  for  the  total  ice  con¬ 
centration  estimate  of  a  single  scene: 


C  "  Zw  fIN(I) 

I 

where  f t ,  the  fraction  of  a  pixel  with  intensity  I  covered  with  ice,  follows 
the  conditions 
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I  -  I 
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*  I  -  I 

1 ICE  lWAT 


1  <  TWAT 
^WAT  ^  1  ^  TICE 


fI  “  1*  1  ^  TICE 

Prior  to  obtaining  the  image  histogram,  the  digital  SAR  data  are  radiometri- 
cally  rectified  for  range  fall-off  and  antenna  pattern,  corrected  to  a  ground 
plane  geometry,  and  median  filtered  to  reduce  image  speckle.  Histograms  of 
scenes  of  specified  sizes  from  anywhere  within  the  data  set  can  then  be  gen¬ 
erated.  At  present,  IwaT  and  IjcE  must  be  determined  manually  with  the 
aid  of  an  image  display  device  for  each  data  set.  Pattern  recognition  rou¬ 
tines  are  being  investigated  to  automate  this  step  also. 


4.2  RESULTS 


Three  scenes  of  varying  concentration  taken  from  digital  SAR  data  obtained 
during  MIZEX  83  are  used  here  to  demonstrate  the  application  of  this  algo¬ 
rithm.  The  area  imaged,  being  in  the  diffuse  ice  edge  area,  contained  highly 
deformed  ice  with  uniformly  high  backscatter  cross  section  (Figure  10). 

Figure  11  compares  the  total  ice  concentration  estimates  obtained  from  manual 
analysis  of  the  coincident  aerial  photography  with  the  results  of  the  digital 
SAR  algorithm.  Agreement  is  clearly  very  good.  Analyses  of  other  scenes  have 
shown  that  increased  variability  in  ice  backscatter  intensities  can  cause 
SAR-derived  estimates  to  differ  by  10%  from  the  aerial  photography  estimates. 

5 .  SUMMARY 


Techniques  have  been  developed  that  utilize  computer-assisted  manual 
analyses  and  digital  analyses  to  derive  important  geophysical  information  from 
SAR  image  data  of  the  marginal  ice  zone.  With  these  techniques,  it  is  possi¬ 
ble  to  monitor  ice  edge  and  large  floe  motions  with  positional  accuracy  of 
approximately  +1  km  given  a  ship  position  for  reference,  obtain  floe  size 
distribution  estimates  from  geometrically  rectified  or  non-rectif ied  SAR 
imagery  that  complement  aerial  photo  estimates,  and  produce  estimates  of  total 
ice  concentration  which  are  as  good  as  those  derived  from  aerial  photography 
and  at  a  resolution  higher  than  that  of  the  passive  microwave  sensors.  Future 
work  in  this  area  will  include  active/passive  sensor  comparisons  of  ice  con¬ 
centration  estimates  as  well  as  further  automation  of  the  techniques. 
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SAR  FLOE  MEASUREMENTS 
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Figure  2.  a)  Portion  of  SAR  Image  Line  Used  in 
Floe  Size  Distribution  Analysis 
b)  Histogram  of  Chord  Lengths  Obtained 
From  Three  50-km  SAR  Sample  Lines 
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Figure  3.  Aerial  Photo  With  Overlaid  Measurement  Grid 
Note  Sampling  Area  Defined  Within  Frame 
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Figure  4.  Histograms  of  Chord  Measurements  Made  on  Aerial 

Photo  Frames  Taken  20  and  40  km  From  the  Ice  Edge 
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FLOE  SIZE  DISTRIBUTIONS 

l  l  July  1 983-5040*  E  Longitude 

a  Aerial  Photography:  20  km  from  Ice  Edge 
•  Aerial  Photography:  40  km  from  Ice  Edge 
V*.  ■  SAR  Imagery:  50- 1 00  km  from  Ice  Edge 
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Figure  5. 
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Cumulative  Floe  Size  Distributions  Calculated  From 
Histogram  Data  Shown  in  Figures  2  and  4 


Figure  6.  30  June  1984  SAR  Imagery 
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Figure  7.  Floe  Outlines  Digitized  From  SAR  Image  in  Figure  6 
Corrected  to  Ground  Plane  Geometry 
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Figure  8.  Histogram  of  Floe  Diameters  Derived  From  SAR  Data 
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Figure  9.  Histogram  of  SAR  Image  in  Figure  10 


Figure  10.  SAR  Image  of  Diffuse  Ice  Edge  Area  -  MIZEX  83  - 
Digital  Ice  Concentration  Algorithm  was  Applied 
to  Scenes  A,  B,  and  C 
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Figure  11.  Comparison  of  Total  Ice  Concentration  Estimates 

Derived  From  Coincident  Aerial  Photography  and  SAR 
Digital  Data 
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